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ABSTRACT
The importance of properly designing and selecting an anchor is key to reliable
techniques for floating offshore platforms including power generation from marine
currents. Numerous studies have demonstrated how the uplift capacity of embedment
anchors is highly dependent on the soil properties and the anchor geometry. This work
focuses in detail on the behavior of vertically loaded circular anchors to keep a floating
structure stationary in the offshore environment. The main goal of this research was to
find and evaluate an alternative to the foundations employed in the M. Eng. 2009/10
offshore project. The initial option consisted of drag embedment anchors and suction
anchors as the foundations for the floating structure located in the Messina Strait that
carries a horizontal-axis marine current turbine. Examining past theories and tests, and
using dimensional analysis, we determined that circular plate anchors of 4.22 m and 2.72
m in diameter represent a good alternative design for the foundations of the front and
back floating platforms. These anchors have an embedment depth-to-diameter ratio of 3
and a plate thickness-to-diameter ratio of 3%. Therefore, in comparison to the initial
foundation options developed in the M. Eng. project, the solution with circular anchors
has the advantage to reduce the overall dimensions of the anchors, reduce the material
necessary for their manufacture, minimize the duration and cost of installation, and
provide an efficient anchoring system independent of the local current direction.
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1 Introduction
This thesis draws its motivation from a team project that focused on the design of a
marine current turbine farm to generate enough renewable energy to supply a medium
sized city. The project involved four students from the 2010 CEE Master of Engineering
Program at MIT who have worked on the major aspects of the design throughout the
academic year. After an initial investigation into the available technologies for marine
current power generation, Fernando Pereira-Mosqueira, Mohamed Abdellaoui Maane,
and Geoffroi Larrecq developed the structural design, while the author has been in charge
of the foundation analyses. The team selected the Messina Strait as the site for the project
because of the steady current velocity and, given the bathymetry profile under
consideration, proposed and analyzed the following design options.
Option 1. The reference depth is 30 m under mean sea level (m.s.l.), so the design
comprises a jacket structure (tripod) resting on driven steel pipe piles with a vertical-axis
turbine connected on its top (see Fig. 1.1).
M~.L
Z-30 m
Figure 1.1: Tripod structure bearing a vertical-axis turbine and resting on driven piles (lateral view).
Option 2. The reference depth is 80 m under m.s.l.; the design consists of a three-
platform floating structure bearing a horizontal-axis turbine by use of a tripod structure
attached to its bottom. Additionally, in order to keep it in place, two mooring anchors are
connected to the front floating platforms by a catenary system and one suction caisson is
connected at the back platform in a tension-leg fashion (see Fig. 1.2).
Z-ft M
qp r I 1
Figure 1.2: Three-platform floating structure bearing a horizontal-axis turbine.
Since the present research focuses on the anchor design, the second of the
aforementioned options will be studied.
Floating platforms are leading the search for oil and gas, and the attempt to harness
alternative energy sources offshore. Indeed, an offshore platform is used mainly for
drilling and installation of mechanical systems for renewable energy. As technical
solutions drive the offshore industry into deeper waters, the use of floating production
units (FPUs), mobile drilling rigs (MODUs) or Single Buoy Moorings (SBMs) has
increased significantly (see Fig. 1.3).
(a) (b) (c)
Figure 1.3: a) Floating Production Unit (FPU), (Navarre, 2008),
b) Mobile Drilling Rig Unit (MODU) (Moore, 2000),
c) Single Buoy Mooring (SBM) (Marine Sciences at UNC Chapel Hill).
These units need to be held in position using proper anchoring systems. So far, moorings
anchored to the seabed (see Fig. 1.5) or dynamic positioning (see Fig. 1.4) have been




Figure 1.4: Dynamic positioning system applied to a ship: it consists of a computer- and satellite-based
system that helps the vessel maintain its position by use of its thrusters (Hunt for the Hood).
The foundations of offshore floating structures are expected to receive forces coming
from the superimposed fluctuating platform/vessel and primarily due to the motion
caused by wind and waves. To meet the stability requirements during even the harshest
circumstances, several anchoring systems have been developed, and those available on
the market mainly differ in terms of load capacity, size, installation procedure, reliability,
and cost. Most systems generally have a good vertical load capacity, but this
characteristic may be associated with inherent weaknesses, for instance, difficult
installation and soil condition limitations. Moreover, moving into deeper waters, the load
transferred to the anchors tends to shift from a pure horizontal load, typical with catenary
mooring, towards a combined horizontal and vertical load (taut moorings) to a
completely vertical load (as for Tension Leg Platforms - TLPs), as shown in Fig. 1.5.
(Riemers and Kirstein, 1999; Riemers, 2004).
Taut
mooringa"
Figure 1.5: Mooring anchor systems: the first system on the left allows anchoring a floating platform using
only catenary moorings, the intermediate system combines both catenary moorings and taut mooring
anchors to keep the vessel in station in a deeper seabed, and the last system on the right anchors the floating
platform by using only tension-legs in the deepest possible seabed, (C&C Technologies Survey Services).
Multiple factors influence anchor selection, and the leading ones are the type and
magnitude of loading, soil and site conditions, and the type of floating structure. Thus, if
the site belongs to a seismic area, the loading generated by earthquakes should be added
to the cyclic loading caused by wind and waves acting on the floater. In fact, the behavior
of anchors under repetitive loads involves the soil, water, anchor, and loading pattern in
complex relations, (Hermann, 1981). For these reasons, an efficient design requires the
anchors to provide a sufficient holding capacity either under static or cyclic loading, or a
combination of the two.
Given multiple aspects of the problem, this work addresses the behavior of embedment
anchors subjected to static and dynamic loadings in granular soil. Such behavior is
important since anchors might be employed in a temporary or permanent fashion either
onshore or offshore. This thesis presents an overview of possible anchor alternatives,
investigates the mechanisms that control the anchor capacity, and deals with all factors
that influence the anchor pullout capacity. The following background chapter focuses on
how the static and dynamic pullout resistance of anchors is affected by some soil
properties and by geometric properties of the anchor. Overall, analyzing the phenomena
should give a better understanding of the mechanisms that are involved in an anchor
system.
The final objective of this analysis was to predict the vertical uplift capacity of circular
anchors for the specific application of the aforementioned Option 2. We started with
important results on model tests conducted either in a conventional way (Clemence and
Veesaert, 1977) or by means of a centrifuge (Ovesen, 1981). Then, we analyzed the
phenomenon through dimensional analysis as suggested by Langhaar (1951) and Ovesen
(1981). Finally, we extrapolated important results to the prototype scale, so we assessed
the design and uplift capacity of those circular anchors that ought to keep the three-
platforms floating structure stationary in the harsh conditions of the Messina Strait.
The rest of this thesis is organized as follows:
Chapter 2: Background regarding the anchor behavior ranging from soil-anchor
interaction to loading dependence;
Chapter 3: Analyses and discussion about the theory for pullout capacity of circular
anchors subjected to static and cyclic loading during conventional model
tests proposed by Clemence S. P., Veesaert C. J, (1977);
Chapter 4: Dimensional analysis for the static uplift resistance of circular anchors
suggested by Ovesen (1981): application to the prototype case study.
Design of the anchors for the floating structure under consideration using
both C&V's (1977) and Ovesen's (1981) theories for static and total
dynamic loading;
Chapter 5: Discussion about the discrepancies between theory and reality for the
installation of the designed anchors in the Messina Strait. Revision of the
anchor designs;
Chapter 6: Summary and final conclusions.
2 Background
This chapter provides an overview of the main notions that characterize the project in
discussion. Firstly, we present a geological and geotechnical report of the Messina Strait.
The geomorphology and hydraulics of this site have determined the design of the overall
project and the alternative anchor design that we propose is intimately related to the local
ground conditions. Secondly, few of the most common type of offshore anchors are
illustrated and described. The description intends to portray the advantages and
disadvantages that characterize each anchor type. Finally, we provide an extensive
section about the anchor's behavior during static and dynamic loading conditions. The
soil-anchor interaction is the main objective and it will be covered through the
investigation of past theories.
2.1 Geological and Geotechnical Site Characterization
The Messina Strait consists of several geological strata close to the surface, as illustrated
in Fig. 2.1 and Fig. 2.2;
Figure 2.1: Geological cross section (for a larger view see Appendix 8.1).
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Figure 2.2: Soil profile of the Calabrian shore, (Jamiolkowski and Lo Presti, 2003).
As Jamiolkowski and Lo Presti (2003) describe, two formations characterize the site in
the first 100 m. They are from top to bottom: the Coastal Plain Deposit (CPD) and the
Messina Gravels (MG).
The CPD features sandy-gravelly layers rarely alternating with lenses and layers with
abundant organic material. The formation thickness varies from 10 m to 70 m along the
Strait. CPD samples retrieved from boreholes were classified as "rounded gravels, often
well graded, with sand or subangular medium to coarse sand with gravel", (Jamiolkowski
and Lo Presti, 2003). On the Sicilian shore the total unit weight has been estimated as
ranging from 18.6 kN/m 3 to 19.6 kN/m 3. The relative density (DR) tends to decrease with
depth ranging from 40% to 60%. The earth pressure coefficient at rest (Ko) has been
estimated in the range of 0.4 to 0.65 moving from the Calabrian to the Sicilian shore.
Pumping tests were performed on both the Calabrian and Sicilian shore to assess the
hydraulic conductivity of the formation. The aquifer was qualified as unconfined, and
tests yielded a range of permeability for horizontal flow from 5 x 10-3 m/s to 2.6x 10~3 m/s
with an anisotropy coefficient (kh/k,) at least equal to 5.
As for the stiffness, relating the shear strain (y), the effective consolidation stress (o'c),
and the shear modulus (G) to the small strain shear modulus (Go), it becomes apparent
that the consolidation pressure and the grain size distribution influence the shear modulus
and the damping ratio. In particular, as Fig. 2.3 and Fig. 2.4 show, when the consolidation
stress and the shear strain go up the shear modulus slightly decreases, while the damping
ratio also assumes lower values with increase in consolidation pressure, but higher values









Figure 2.3: Shear modulus decay vs. shear strain of CPD
(Jamiolkowski and Lo Presti, 2003).
from laboratory tests,
T (%)
Figure 2.4: Damping ratio vs. shear strain of CPD from laboratory tests,
(Jamiolkowski and Lo Presti, 2003).
In addition, the following empirical correlation has been used to estimate the peak
friction angle of the deposit.
#' = V20- (N)Pr +20± 3 (2.1)
where (Ni)sPT is the blow count for the SPT test corrected to account for the overburden
pressure. Therefore, data gathered from the dynamic penetration tests and Eq. (2.1)
yielded a friction angle (<'p) ranging from 360 to 47'.
The MG features gravel and pebbles with an average grain size of 10 mm and a
maximum grain size of about 100 mm. Strata of sand with a thickness of 0.5 m to 1.0 m,
and with an inclination of 350 to 45' toward the Strait axis, form the global matrix in
which pebbles are randomly located. The overall formation is part of the medium
Pleistocene and it has a thickness varying from few meters to 400 m at most. On the
Sicilian shore the total unit weight has been estimated as ranging from 18.6 kN/m 3 to
20.5 kN/m 3. The relative density (DR) does not show remarkable variations with depth,
yet it maintains similar values within the range 40% to 60%. The effect of aging and
mechanical overconsolidation has been considered suggesting an earth pressure
coefficient at rest in the range 0.15 to 0.3. With the same procedure indicated for CPD
using Eq. (2.1), the peak friction angle ($'p) for MG has been evaluated as between 370 to
45 0
For either formations, the suggested constant volume friction angle ($'cv) ranges between
350 to 370 degrees, and the stress dependence of the friction angle is supposed to be
properly evaluated using the Bolton (1986) approach. It consists of determining the peak
friction angle of soil by adding to $'cv an increment A$' that depends on the relative
density of the deposit and on the magnitude of stresses.
Geophysical tests, based on shear wave velocity measurements from cross-hole tests,
allowed one to define the small strain shear modulus Go for both formations. In
particular, as shown by Fig. 2.5 and Eq. 2.2, a relation has been established between Go
and the dimensionless constant K2 (as defined by Seed et al., 1985) along with the mean
effective stress o'm and the atmospheric pressure Pa:
Go =2- P. - (d,)" (2.2)
where n=modulus exponent, which depends on the coefficient of uniformity, and in this
case n was assumed equal to 0.5. K2 was determined both through geophysical
measurements of the shear wave velocity and by means of the following empirical
expression (Ismes, 1985; Ferrante, 1988):
Go =1710- (dc')0 "- p," - (1.32 - e)2 (2.3)(1+e)
The two deposits show significant differences in their shear moduli; this may be due to
the difference in age between them since they essentially have a similar composition. In
fact, the MG belonging to the Pleistocene Era features bonding due to cementation,
whereas the CPD of the Holocene Era does not show any trait of aging or cementation.
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Figure 2.5: Shear modulus of sand and gravel from geophysical tests normalized with respect to O'm/pa,
(Jamiolkowski and Lo Presti, 2003).
Below the MG, the following geological strata have been identified with increasing
depth:
e Vito Superiore Clays, which dates back to lower Pliocene. This formation features
alternating layers of clays, marly clays and sandy clays, and reaches a maximum
thickness of 50 m.
e Calcarenite of Vinco, whose age is also Pliocene. It consists of sands and
calcarenite in sequence, and it ranges in thickness from 20 m to 100 m.
e Trubi formation, which consists of marls formed during the Pliocene and reaches
its maximum thickness of 5 m to 20 m on the Calabrian shore.
* Conglomerate of Pezzo, whose origins belong the Miocene. It features a sandy-silty
matrix with pebbles of metamorphic nature, and it varies in thickness reaching
hundreds of meters.
* Metamorphic rock, which dates back to the Triassic Period and mainly consists of
gneiss.
The area of interest is located in one of the regions with the highest seismicity within the
European continent. The site comprises active faults and it is where on December 2 8th
1908 the strongest earthquake ever recorded in southern Italy occurred with a Richter
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Figure 2.7: Surface projection of the published fault planes for the 1908 earthquake, (Pino et al., 2009).
According of the seismogenetic zonation (see Fig. 2.8) elaborated by the National
Research Council (CNR) and the major Italian geophysical observatories, the Messina
............... _ -_%, w-"Wito- I INA iii --- -- ___ .. . ..........
area belongs to the most hazardous zones in the Italian territory with a peak ground
acceleration (PGA) greater than 0.36g.
Figure 2.8: Left - Seismogenic zonation (CNR, Italy),
Right - Horizontal peak ground acceleration map, (Slejko et al., 1996).
Therefore, numerous geophysical investigations have been performed to locate the main
faults and define a seismotectonic model. Surveys took place both on land and offshore,
and they utilized multiple advanced techniques such as:
* mono- or multi-channel analogue and digital sparker for detailing the bathymetry
and superficial seismography;
* hydropulse;
- seismic reflection and refraction; and,
* electric seismic.
The obtained seismic-stratigraphic cross section presents diverse seismic reflective
horizons. They have been identified and mapped as follows (see Fig. 1 in Appendix 8. 1):
e Horizon E: top of "Messina Gravels";
* Horizon G: bottom of "Messina Gravels";
* Horizon H: top of "Trubi Formation";
* Horizon S: top of "Pezzo Conglomerate"; and,
e Horizon Z: top of "Metamorphic rock".
............
. .. ... .......... ..
Numerous faults were detected: 82 were counted on the Calabrian side, 80 on the Sicilian
side, and 128 offshore. Some of them are inactive, while others are too shallow to be
considered dangerous. Those that are active have inclinations averaging between 60 and
80 degrees. Four different systems of faults can be distinguished in terms of orientation,
but the most critical one has a strike (NE-SW).
For this reason, some samples of the superficial deposit were reconstituted to run proper
tests for determining the liquefaction susceptibility. It turned out that the CPD is at risk,
as shown by historical episodes, and its cyclic resistance ratio mainly depends on the
density and gradation of soil, which slightly vary within the area; in particular, the
volumetric strains at liquefaction (when the normalized excess pore pressure
Ru=Au/Y'c~100%) is about 2%, (Jamiolkowski and Lo Presti, 2003). However, as
observed by Faccioli (1994) and, then, proven through in-situ seismic analysis, the CPD
deposit does not reach liquefaction in the first 30 m within the volume of influence of
overloaded foundations if it is previously jet-grouted, (Jamiolkowski and Lo Presti, 2003;
Faccioli, 1994).
2.2 Site Investigation Recommendations
Marine anchors need to satisfy more demanding design requisites than those used on
land. Indeed, they are continuously subjected to dynamic loads, they are expected to
operate for a very long time in a harsh environment, and their repair and maintenance is
far more difficult, (Ponniah and Finlay, 1988).
In contrast to the onshore anchors, the soil characterization for offshore design is more
uncertain. Therefore, a thorough geotechnical investigation should be run in the specific
area of interest of all anchors. It should involve the soil at least as deep as the anchor will
penetrate and as close as possible to the installation point. The soil investigation can
consist of boreholes, vibrocores, penetration tests, or a combination of these.
For cohesive soils, a combination of cone penetration tests, with measurement of the skin
friction, and few samples per site are necessary to evaluate the soil composition and run
lab tests to assess the strength properties.
On the other hand, in case of granular soil particular focus should be on performing
dynamic penetration tests. A good estimate of the drained friction angle can be obtained
from the blow counts of the tests (NSPT) accounting for the proper corrections for
submergence, overburden pressure, and test methods (N1.60 ). The samples retrieved with
the split spoon can be sufficient in evaluating the soil composition and classifying it, yet
meaningful lab tests can be run only on high quality undisturbed samples retrieved by
using proper techniques to conserve the state of stress (for instance, by freezing the soil).
As Fig. 2.9 shows, depending on the soil conditions different tests either in situ or in the
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exploration conducted on a much larger scale than the anchor zone of influence. This will
result not only in initial savings from the partial investigation, but also in a more
expensive standardized and conservative foundation design: for example, the lack of soil
data can be compensated by choosing a larger anchor size, (Vryhof Anchors).
Conversely, investing more money in a precise geotechnical exploration is more likely to
be reflected in a site-specific design with more reliable results and more savings both for
the foundation size and their installation. Therefore, besides punctual investigation
techniques, geophysical methods and the study of the site geology are useful to get an
overview of the range of soil properties that can be encountered.
2.3 Anchor Options
A mooring system is an ensemble of different components such as: a floating
vessel/platform, a mooring line, one or multiple fairleads, and the anchor itself (see Fig.
2.10 adapted from Vryhof Anchors).
Figure 2.10: Typical components of an anchor system, adapted from (Vryhof Anchors).
A brief overview of different anchor categories follows, and it points out some of their
specifics along with advantages and disadvantages:
2.3.1 Driven Piles
According to API standard RP2A, pile design is strongly affected by the lateral resistance
of soil, installation techniques, and scour during operation. Driven piles are an
appropriate type of foundation in a wide range of ground conditions. They are the fastest
deep foundation to install and are suitable for marine-based structures, especially offshore
structures. They are well suited because they are almost insensitive to scour and to
damage. In fact, given the intense and steady current in the Messina Strait, drilled-shafts
could be much more affected by scour than driven piles, and partial damage of concrete
might occur with subsequent direct exposure of the steel bars to the salt water.
Driven piles can be high performance foundations with high maximum design loads, yet
the main problem when it comes to driving a pile is the grain size of the soil to penetrate.
Indeed, driven piles are not suited for geotechnical conditions with clusters of boulders. It
could be an issue to drive a large diameter pile in granular soil, but it depends on the pile
diameter to grain size ratio; it might be impossible or it might require a technical support
that is too costly. In fact, driving a pile requires proper equipment such as a hammer and





Figure 2.11: Left - Sketch of pile driving and necessary components, adapted from (Lee, 2009);
Right - Pile being driven offshore by use of a template and pile extension, (Roadtraffic-technology.com).
Moreover, in deep water the hydraulic piling hammer might involve longer hoses and
larger hose reels on the deck of the installation vessel, so it might affect the practicality of
the work. However, boulders and cobbles are no longer an obstacle as initially feared,
because evidence demonstrates how they are displaced through the granular soil matrix
during the pile installation. In addition, it may be decided to aid the pile penetration by
inducing soil liquefaction with a free jet ahead or just behind the pile tip (see Fig. 2.12),
but with possible repercussions on the mobilized soil resistance; thus, piling should be
driven for a certain number of blows after the jetting in order to insure reconsolidation. In
conclusion, driven piles can be a very costly type of foundation.
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Figure 2.12: Jetting ahead or just behind the pile tip, (U.S. Department of Transportation).
Driving a pile below water requires at least the use of a template. It is a guiding frame
that can be laid on the seafloor or cantilevered out from an offshore barge. Due to the sea
motion, the lack of fixed points, and the length of piles, the template allows the pile to be
driven in the proper direction (see Fig. 2.11), (Gerwick, 1999).
As Fig. 2.13 illustrates, new technological solutions such as seabed power packs (or
submergible hammers) are being developed to drive single piles very deep, but they still
are more complicated and expensive to operate than other options.
Figure 2.13: Submergible hammer for new offshore practice and deep installations, (Menck).
2.3.2 Gravity Anchors
The proposed structures are either of concrete design consisting of cellular concrete
construction with a large concrete-mat foundation, or a gravity block combining concrete
and rock aggregates, or, rarely, a hybrid design that features a typical steel-template
structure supported by a concrete mat, (Gerwick, 1999); an example of gravity anchor is
provided in Fig. 2.14.
The advantages of this option are the following:
* it is easy to design, construct, and put in place;
* it can be easily recovered or moved to another position; and,
" it is cheap because of the material used for its manufacture.
However, this type of anchor also has significant and limiting disadvantages, such as:
* it is sensitive to scour, which affects its stability;
e it requires a thorough seabed preparation; and,
e it may be uneconomical for very deep water as the required size and mass can be
very large.
Figure 2.14: Gravity anchor example, (Vryhof Anchors).
2.3.3 Suction Piles
A typical suction anchor comprises a large diameter open-ended steel pipe pile with a
sealed top cap (see Fig. 2.15). As Fig. 2.16 illustrates, the pile is lowered to the seabed
and, then, it initially penetrates the sediment under its own buoyant self-weight (step 1).
Thereafter, (step 2) water is pumped from inside the top chamber to produce a differential
pressure that enables further penetration, Ap = (pw - pi), where p, is the pressure in the
surrounding seawater (y, = 10.1 kN/m 3) and pi is the pressure inside the chamber: this
stage must be accurately controlled to avoid the soil to fail for basal heave. The inverse
process, applying a positive pressure inside the pile, is used to eventually recover the pile,
(Gerwick, 1999). Finally, (step 3) the suction pump is recovered and the anchor







Figure 2.15: Left - Model of a suction pile, (Bakker et al., 2006);
Right - Large diameter suction pile, (SPT Offshore).
Figure 2.16: Installation sequence of suction anchor, (NGI).
Suction anchors are excellent for holding vertical loads and provide better lateral
resistance than driven piles. Their design is more reliable than that for conventional piles,
and, therefore, no additional load testing is required. Another advantage is the ease and
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control of installation with the drawback that their big mass and large size can increase
the installation cost.
As proven by past experience and shown in Fig. 2.17, when designed for cohesive soils
suction anchors typically have a large length-to-diameter ratio, whereas when designed
for granular soil they are shorter with a lower length-to-diameter ratio. This difference is
dictated by the second step of installation that is the suction-assisted penetration. In fact,
to push the pile into the seabed and achieve the full-length penetration, a suction pump is
used to create a pressure gradient between the outside and the inside of the pile.
However, the gradient can not overcome a certain value otherwise piping can occur at the
tip causing the vertical effective stresses to fall to zero with subsequent water inflow into
the pile without further penetration of it. Moreover, as the pile penetrates a skin friction
develops along the penetrated skirt and it counteracts the pile penetration requiring to
increase the suction. Therefore, the right compromise must be found between the
imposed suction and the pile dimension. In contrast to cohesive soils, in granular soils
this compromise leads the design toward a suction anchor with diameters that are larger
than the length.
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Figure 2.17: Summary of uses of caisson foundations, (Houlsby and Byrne, 2005).
2.3.4 Drag Embedment Anchors
Different types of drag anchors are available. Most of them work in a catenary or taut
leg-mooring configuration (see Fig. 2.18) because the depth of installation not only
........ ..................... 




Figure 2.18: Catenary and taut-leg mooring configurations, (TTI, 2003).
The type of anchor, its configuration, and resistance are dictated by the type of soil
present at the site, then the maximum calculated load leads the anchor design. Some
anchors are especially designed for clay, while others for granular soil. In sands and hard
clays they provide a higher holding capacity than in soft clays. On average, the larger the
surface area of the anchor, the greater its holding capacity because both the anchor and
the mobilized soil volume within the failure surface are bigger and heavier. They can
generate a holding capacity of 100 to 150 times the anchor weight. The required holding
capacity has to be 1.5 - 2 times the maximum load, and the installation load generally
equals 80% to 100% of the maximum load, (Vryhof Anchors).
Drag embedment anchors can resist only if pulled horizontally. This means that, even
when employed in taut-leg mooring configurations, they require the portion of the
mooring line immediately ahead of them to be heavy enough to be seated on the seabed
still when the line is under full tension (see Fig 2.19 and Fig. 2.10). This results in a
lower FS for the anchor with respect to the mooring line because the anchor needs to drag
before the line breaks, (Vryhof Anchors).
Figure 2.19: Particular of the anchor system in operation - the heavy chain sits on the seabed and pulls the
anchor horizontally, (Vryhof Anchors).
Their final embedment can be predicted, but they need to be tested to verify their holding
capacity. (Vryhof Anchors). Fig. 2.20 illustrates both a sketch and a real drag embedment
anchor.
Figure 2.20: Drag Embedment Anchor - Stevpris, (Vryhof Anchors).
A particular category of drag anchors are Drag-in Plate Anchors:
They can resist both vertical and horizontal loads and have a ratio of ultimate capacity to
working load of 2.5 to 3.5. This anchor can penetrate deep in soft clay, and more
superficially in granular soils. It is installed as a conventional fluke: by self-embedding in
the seafloor and pulled horizontally, the holding force comes from the mobilized shear
strength of the soil, (Vryhof Anchors).
They have some advantages like: efficient design, easy installation, low fabrication and
transportation costs due to their small size. Unfortunately, their performance mostly
depends on their penetration into the seabed, and consequently on the actual soil
conditions. Although their final embedment depth can be predicted, they need to be
proof-loaded to verify their holding capacity (Vryhof Anchors). Fig. 2.21 shows both a
sketch and a real drag-in-plate anchor.
Figure 2.21: Drag-in-plate Anchor - Stevmanta, (Vryhof Anchors).
2.3.5 Suction Embedded Anchors (SEA)
The SEA consists of two half shells and, as displayed in Fig. 2.22, a SEA is installed
using a suction pile follower, which pushes the anchor to the prescribed depth. The SEA
is initially placed at the bottom of the suction pile with the two half shells closed that act
as the extension of the pile tip. The pile begins penetrating into the seabed and, once it
reaches the desired anchor depth, the suction pile is retrieved to the surface and the SEA
anchor is left in place. As the suction pile is recovered, tension is applied to the SEA
anchor in order to open its shells and let them form a strong anchor point for any kind of
mooring from full catenary (horizontal) to tension leg (vertical). The capacity of the SEA
anchor comes from the weight and shearing strength of the mobilized soil.
They combine several advantages such as: efficient design, easy and reliable installation,
low fabrication and transportation costs due to their small size, high holding capacity that
does not depend on the load inclination, and, moreover, they have a high holding capacity





Figure 2.22: SEA opening sequence during installation: (1) the suction pile follower penetrates into the
seabed with the SEA anchor placed at its tip with the two half shells closed; (2) the pile follower has
reached the prescribed depth and has left the SEA anchor in place with its two half shells still closed; (3)
retrieving the pile follower and applying tension, the SEA shells starts opening; (4) the SEA shells are
completely open and the tension load can now eventually be applied in a direction other than vertical.
Adapted from (SPT Offshore).
2.3.6 Jetting-in Driven Plate Anchors
The anchor consists of a steel plate welded to a steel beam section where the padeye for
connection is located on top (see Fig. 2.23).
Figure 2.23: Jetting-in driven plate anchors, (Safaqah and Gerin, 2004).
The anchor is installed by driving it into the seafloor using a follower (usually a H-pile)
until the maximum embedment depth is reached. Then, the follower is retrieved and the
cable is tensioned in order to make rotate the anchor and find the configuration of highest

















Figure 2.24: Jetting-in driven plate anchors: left - a pile follower is driven with the anchor connected
sideways to it; middle - the pile follower reaches the desired depth, the anchor is released, and the pile is
retrieved; right - the anchor is keyed by chain/cable tensioning to adjust it to the correct position,
(Safaqah and Gerin, 2004).
The installation in dense soils may be facilitated by jetting water at the tip of the pile
follower so forcing the soil to liquefy and impose less resistance to penetration. To
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recover part of the soil strength lost during jetting, the retrieval of the follower occurs by
vibrating it in order to densify back the surrounding material.
The anchor resists by mobilizing the shear strength of the soil, and its holding capacity
depends on the failure mode; deeply embedded anchors have higher capacity than
shallow anchors because the rupture surface either involves a greater soil volume or it
develops after larger displacements of the anchor. The final capacity depends also on the
anchor orientation, so it has to be tested, but, however, jetting-in driven anchors are an
effective alternative whose main advantages are low cost, easy installation, and small
size, (Safaqah and Gerin, 2004).
2.4 Anchor Behavior
Offshore anchors can be subjected to different kind of loadings. The design holding
capacity at any water depth has to account for the static loads as well as the cyclic loads
resulting from earthquakes, wind, waves, cable strumming, and loads coming from
dynamic impacts during the installation process or operational life. Under these
conditions it is important to predict and, then, try to measure the keyed anchor depth (see




Figure 2.25: Anchor keying after penetration, (Safaqah and Gerin, 2004).
As Hermann (1981) describes, the basic loading condition is the so-called "short-term
quasi-static" and other loading pattern computations usually refer to this. It is named
"quasi-static" because it can be either a static load or load whose magnitude varies over
MW
time within a minimum extent. In this context a valuable parameter is tCD defined as the
minimum amount of time the soil needs in order to dissipate the induced excess pore
pressure; It is, essentially, a function of the soil permeability.
Consequently, if the load is applied at a rate slower than the pore pressure dissipation the
soil will respond as drained, yet when the load is applied faster the pore pressure has not
enough time to dissipate, but rather it builds up leading to an undrained response. In
general, the short-term quasi-static loading condition corresponds to the drained
condition for granular soils because the deposit permeability is sufficiently high to allow
for a fully developed steady-state seepage pattern, whereas for cohesive low-permeable
soils it corresponds to an undrained response.
On the other hand, a "long-term static-loading" implies that the consolidation is over, and
the soil has reached the drained equilibrium.
Hence, for granular soils both conditions are equivalent because of the short time
required for drainage, but the response of cohesive soils depends on how the loading time
relates to tCD-
2.4.1 Static Loading Conditions
The quasi-static holding capacity is defined as the load that causes the anchor to fail
when such load is applied with a steady increase in magnitude within a certain time
interval (usually shorter then 15 minutes). The actual working load is then computed
considering a proper factor of safety, FS, (Hermann, 1981).
This holding capacity is representative for the vertical direction, but, in case the load acts
at an angle to the vertical different than zero, an increase in FS is recommended. In a
single-point mooring system (see Fig. 2.26) the loading direction may vary more than 90
degrees in azimuth, therefore one is expected to increase the FS by 100% to 250%,
(Hermann, 1981).
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Figure 2.26: Single-point mooring system, (OAC, 2002).
As Balla (1961) and Baker and Konder (1965) observed, the embedment depth of the
anchor influences its holding capacity. The first reason relates to the soil strength, which
generally increases with depth leading to a larger capacity. Second, the deeper the anchor
the larger is the shearing zone around it; hence, the holding capacity is proportional to the
weight of the soil wedge above the anchor with slight differences in the failure wedge
depending on whether it is an homogeneous or a layered soil as shown in Fig. 2.27




Figure 2.27: Failure wedges for (a) homogeneous soil and (b) two-layered system,
(Bouazza and Finlay, 1991).
Moreover, the embedment depth may influence the anchor failure mechanism, which
progresses toward the surface in case of shallow anchors or develops locally around it in
case of high embedment (see Fig. 2.28).
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Figure 2.28: Behavior mechanisms for deep and shallow anchors, after (Beard, 1980) in (Hermann, 1981).
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During the anchor penetration the fluke, or the pile skirt, penetrates into the soil down to
the deepest point and, then, when tension is applied the soil experiences disturbance that
may lead to a reduction of the system capacity; therefore, once installed, all anchors have
to be tested. To prove its holding capacity, the anchor is loaded up to its working load
either vertically or in the foreseen loading direction: a complete proof-load test requires
tracking the anchor displacements under loading and to monitor also the anchor depth
versus time (see Fig. 2.29).
Additionally, the keyed embedment depth can be measured in two different ways
(Hermann, 1981):
- in shallow water, divers can read the penetration depth on a marked-cable
extending out of the seafloor and connected to the anchor fluke;
e in deep water, a full-instrumented acoustic procedure has to be set up.
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Figure 2.29: Data showing anchor keying with depth vs time during a slow load test up to failure,
(Hermann, 1981).
Nowadays, the enormous advances in technology provide the possibility to monitor the
mooring system in real time from installation to operation through wireless data
transmission using sensors generally installed in the fluke of the anchor. Mooring
location and field layout are only two of all parameters that can be tracked. Fig. 2.30
shows how this innovative technique allows one to record load and position during
penetration till final embedment depth, and it gives justification of the design and proof
loads, (Vryhof Anchors).
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Figure 2.30: Wireless data transmission system during proof-load test plotting drag vs penetration,
(Vryhof Anchors).
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As with piles, if several identical anchors are to be installed in an area of uniform soil
properties, only few (about 2% of all needed) should be tested and loaded up to failure
for having evidence of their ultimate holding capacity. During the actual installation, each
anchor will be proof-tested up to the working load in order to let it reach the keyed depth
and provide it with the requested tension.
However, for a preliminary design, the anchor fluke penetration and its ultimate holding
capacity can be empirically predicted using proper expressions: for instance, True (1975)
developed an analytical model to calculate the keyed depth of NCEL propellant-
embedded anchors, but his procedure can be applied to other anchors whose installation
follow the same physical principles. Likewise, as discussed later in the thesis, Clemence
and Veesaert (1977) and Ovesen (1981) proposed other expressions to compute the uplift
capacity of plate circular anchors in granular soil basing their results on conventional or
centrifugal model tests.
Rowe and Davis (1982) observed that plate anchors undergoing static loading have the
failure load primarily influenced by the anchor orientation, embedment depth, surface
roughness, and some fundamental soil strength parameters such as: friction angle ($),
angle of dilatancy (V), and state of stress (Ko). Fig. 2.31 shows how for a homogenous
sand with $=30 and i=0 0 the failure zone depends not only on the embedment depth but
also on the anchor orientation. In particular, loading an anchor results in elastic (white
area) and plastic (dashed area) deformations of the soil. As illustrated in Fig. 2.31a, for
shallow anchors with vertical axis the soil in close contact with the anchor experiences
elastic deformations, but plastic deformations also develop in a limited area toward the
surface. In contrast, a horizontal axis anchor loaded to the same load P not only has a
larger area of influence, but also induces simply plastic deformations in it. In addition,
Fig. 2.3 1b is evidence for a large volume of soil that deep anchors mobilize. The vertical
axis anchor always causes elastic and plastic deformations in the surrounding soil with
the former contained within a certain distance from it, whereas the horizontal axis anchor
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Figure 2.31: Plastic and elastic regions for horizontal axis and vertical axis plate smooth anchors in
homogeneous soil with $=30 and v=00 : a) shallow anchors, b) deep anchors, (Rowe and Davis, 1982).
The average ultimate resistance per unit length of a plate anchor with vertical axis can be
expressed as:
Pu = YbDNq (2.4)
where yb=buoyant unit weight of soil, D=h=maximum embedment depth of the anchor,
B=width of the anchor, Nq=bearing capacity factor.
Nq increases with the relative embedment depth X=D/B (Balla, 1961) reaching a constant
value at a certain depth (characteristic relative depth = f(*) - see Fig. 2.32) where the
failure mechanism changes from shallow to deep (McDonald's, 1963; Baker and Konder,
1965). Clemence and Veesaert (1977) noticed that "the movement occurred within a
vertical column with no well defined failure surface".
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Figure 2.32: Holding capacity factor for cohesionless soil, from (Beard, 1980) in (Hermann, 1981).
In particular, Andreadis, Harvey, and Eldon (1981) performed static load tests in granular
soil with anchors of different shapes, such as: cylindrical, circular, and conical anchors
(see Fig. 2.33). They observed that for shallow depths (generally k 5-6) the anchor uplift
capacity increases more than proportionally with D2, whereas for deep embedment (k>6)
the relation tends to become linear, as shown in semi-logarithmic scale in Fig. 2.34. They




Figure 2.33: From left to right: cylindrical, circular, and conical anchor; b' is the fluke thickness. Adapted
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Figure 2.34: Bearing capacity factor-relative depth relationship, (Andreadis et al., 1981).
True (1975) stated that knowing the dimensions of a rectangular-shaped anchor, its quasi-
static ultimate loading capacity can be estimated as follows (from True (1975) in
Hermann (1981)):
FT = NqAYbD 0.84+0.16 B (2.5)
where A=bearing area of the fluke, B=width of the fluke, L=length of the fluke, as
illustrated in Fig. 2.35. This expression is still valid for all other types of anchor that are
provided with a fluke, whereas the capacity of driven piles and suction anchors is
essentially determined through one of the methods used for deep foundation in computing
the shaft capacity.
Flukes
Figure 2.35: Rectangular-shaped plate anchor where b' is the fluke thickness.
As roughly reported above, the quasi-static working load of an anchor can be calculated
dividing its ultimate holding capacity by a proper FS.
F =FTIFS (2.6)
The value of FS varies with the confidence in the loading conditions and soil properties,
as well as the perceived seriousness of the possible anchor failure scenarios.
Consequently, less confidence and more severe consequences result in a higher FS, vice
versa high confidence implies a lower FS, (Hermann, 1981).
API standard API-RP2SK suggests the value of FS to use for permanent and temporary
moorings both for intact and damaged conditions (see Tables 2.1 and 2.2).
Table 2.1: FS for permanent mooring Table 2.2: FS for temporary mooring
(Vryhof Anchors). (Vryhof Anchors).
Permanent Quasi-static Total dynamic Temporary Quasi-static Total dynamic
mooring load load mooring load load
Intact load condition 1.8 1.5 Intact load condition 1.0 0.8
Damaged condition 1.2 1.0 Damaged condition Not required Not required
The main task in evaluating the anchor capacity is the proper selection of Nq. It is a
function of the soil strength parameters and the anchor roughness; therefore it can be
approximated as (Rowe and Davis, 1982):
Nq = N'- R,- R R - RK (2.7)
Where N'q is the bearing capacity factor for the basic configuration of a smooth anchor in
a soil with no dilatancy (=0 0 ) and state of stress represented by Ko=l, and R,, RR, RK
are useful factors to account for the influence of the aforementioned parameters: angle of
dilatancy (V), roughness, and state of stress (Ko) respectively.
In the basic case of smooth anchors, Meyerhof & Adams (1968) and Vesic (1971)
predicted that the capacity of vertical axis anchors increases linearly with the relative
depth (see Fig 2.36a). However, Rowe and Davis, (1982) demonstrated that this trend is
no longer satisfied for X>8 because deformations at failure appear to be too large to be
correctly captured by an elastic analysis. Horizontal axis anchors do not abide by the
same linear relationship; in fact, their holding capacity has a much higher increase with






Figure 2.36: Variation of the basic bearing capacity factor Fy for vertical-axis anchor (a), for horizontal-
axis anchor (b), (Rowe and Davis, 1982).
Except for loose material, granular soils tend to dilate during plastic deformations leading
to an extensive plastic region before failure occurs. The eventual rise of capacity due to
dilatancy can be accounted for by introducing the correction factor R,, which is related
almost linearly with V for a given friction angle. For both vertical and horizontal axis
anchors, when the angle of dilatancy equals the friction angle (V=$) the failure load is
independent of the loading path and stress state, whereas for a material with * and V not
associated (Vf*#) the collapse load varies with KO : for Ko>1, pu is higher than the basic
case because the horizontal stresses that govern the shearing resistance along a vertical
sliding surface are higher than they are for Ko=1, whereas for Ko<l the horizontal stresses
are lower leading to pu lower than the basic case.
In regard to the initial stress ratio KO, it barely influences the ultimate load of a plate
anchor with any orientation. Therefore, the effect of the initial Ko can be neglected to an
accuracy of better than 10%; in particular, its effect gets more and more negligible when
1 increases and dictates the anchor response. Hence, the introduced correction factor RK
is essentially assumed to be unity.
As a consequence, Fig. 2.37 shows that high relative density causes the failure mode to
be in local shear (higher Nq) governed by the friction angle, whereas with low relative
density the rapture surface cannot propagate throughout zone of influence resulting in
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Figure 2.37: Bearing capacity factor-relative depth relationship, (Bemben and Kupferman, 1975).
Finally, RR accounts for the surface roughness of the anchor, which does not have any
influence on the collapse load of vertical axis anchor, but, as Fig. 2.38 illustrates, it has a
significant effect for very shallow anchors with horizontal axis.
Figure 2.38: Correction factor for effect of roughness on horizontal axis plate anchor,
(Rowe and Davis, 1982).
The last factor that affects the static capacity of a vertical axis anchor is the thickness (b')
of its resistant element at the base, the fluke (see Fig. 2.33 and 2.35). When the anchor is
being pulled upward, part of the soil standing above the fluke tends to displace out and
fill partially the created void beneath the anchor. As Fig. 2.39 illustrates, with a thicker
fluke a lower amount of soil around its edges would move, so the anchor uplift resistance
increases.
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Figure 2.39: Static load test - Uplift load-anchor movement relationship for different
anchor size and relative depth, (Andreadis et al., 1981).
In conclusion, there is evidence that the magnitude of stresses around the anchor is
affected by both anchor size and relative depth. The value of the horizontal stress rises
getting closer to the anchor where the horizontal stress reaches its peak value;
particularly, for a deep anchor in sand, the magnitude of the horizontal stress maintains a
significant value within an area of more than 10 diameters around the anchor (see Fig.
2.40).
Figure 2.40: Static
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load test - horizontal stress vs relative distance from anchor body,
(Andreadis et al., 1981).
2.4.2 Dynamic Loading Conditions
Dynamic loads differ from static loads because they are applied quickly (t<lmin), and
often in a cyclic pattern. The foundation response to dynamic loading is controlled by the
soil shear modulus (G) and damping (D); the shear modulus is non-linear, and it
decreases with the soil strain level.
The resulting conditions are the most crucial for embedded anchors because they cause
the fluke or the pile skirt to be pulled out with direct decrease of embedment depth and
capacity. Dynamic loads are essentially of two types: impact loads (single events), and
cyclic loads, which encompass earthquake-loading conditions as a special case,
(Hermann, 1981).
The following Fig. 2.39 illustrates impact and cyclic dynamic loads with respect to the
ultimate static load (FT) and static working load (Fan). The latter is simply defmed by Eq.
(2.6) where FS=2.5 for the illustrated example. Defmition of each type of load is given in
the following paragraphs.
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Impact loads as single events may derive from a ship crashing into a mooring line or
trying to break it at departure, from installation procedures and operations, and from
possible explosions. Impact loads are labeled with their maximum magnitude P, (as a
percentage of the anchor's static capacity) and with the duration ti of the interval in which
the load is above the static working load. Looking at the left side of Fig. 2.41, one can
appreciate that for a load to qualify as impact load must have peak magnitude equal or
superior to the static working load. Particular consideration has to be devoted to those
impact loads whose magnitude is greater than the expected anchor working load, and
whose duration is shorter than 1 minute. Furthermore, impact loads do not repeat more
than 5 times in the period necessary to dissipate the induced excess pore pressure,
otherwise the loading condition would be termed cyclic loading.
In general, for those anchors provided with a fluke, it is observed that they have higher
holding capacity when subjected to dynamic impact loads even with magnitudes greater
than the allowable static load, and their capacity increases as the duration of the impact
diminishes. One explanation to this effect is that the dynamic load causes further lateral
penetration of the anchor.
Moreover, snap loads cause negative pore pressure to rapidly develop under the anchor
plate contributing to a higher 'undrained' resistance, and then slowly dissipate.
Nevertheless, repetitive impacts in a short period may result in a reduction of the soil
strength with consequent drop of the anchor capacity and possible liquefaction for
cohesionless soils in loose state. In fact, the 'undrained' resistance due to snap loads
decreases with lower relative density to the point that loose sands will develop only
positive pore pressure undergoing a decline in strength, (Hermann, 1981).
Design for Dynamic/Impact Loading
Hermann (1981) describes that the design of an anchor undergoing dynamic/impact loads
can be conducted by using the same approach of a quasi-static loading but introducing
new parameters that account for different soil response.
The design is mainly led by the time of occurrence of the impact load; it can occur as a
first event or after a series of cyclic loads, and it may happen as a single event or actually
may repeat over time and in a period shorter than tCD. All these scenarios relate to the
load history of the anchor, and they have effect on the soil properties as well.
Furthermore, the anchor-soil mass system can develop an extra capacity due to its inertia
if the impact loading condition lasts less than 0.02 seconds. In this case the increase in
capacity is evaluated by an inertial factor; this factor is function of the load duration, the
size and the type of anchor. In particular, the shorter the load duration, the higher the
inertial factor because higher is the temporary anchor resistance to static capacity ratio. In
addition, this new introduced factor already provide for a conservative result, therefore
recommendations suggest not using any other FS.
2.4.2.2 Cyclic Loads
Cyclic loads generally derive from three major sources:
- oscillation of catenary whose motion is determined by the local current. This
loading condition stresses the anchor with high frequencies and low magnitude load
resulting in negligible loads for the anchor itself, but representing important
scenarios for the fatigue of cable, and mechanical components of the system above
it;
e forces coming from buoys or floating ship/platform that once attached to the
catenary induce loads at the frequencies of surface waves. Typically, in the range of
0.05 to 0.15 Hz. The surface-wave-induced forces are responsible for a significant
loading on the anchor;
- earthquake-induced forces that load the entire soil mass with shear stresses instead
of acting on the anchor system.
With reference to the right side of Fig. 2.41, a cyclic load has double amplitude whose
magnitude is named Pcc and the magnitude of each amplitude must be greater than 5% of
the quasi-static anchor capacity with respect to the apparent average quasi-static load
(Pave). In addition, two parameters are necessary and they are the following:
* NT - total number of cycles during the entire life of anchor. It is useful for
estimating the potential cyclic creep;
* ND= the number of cycles within tCD (defined in 2.4). These cycles are likely to
lead to strength loss or liquefaction failure of the soil mass, whereas cycles
occurring outside this time frame are negligible.
If during the life period of an anchor many periods of cyclic loading occur and they have
almost constant magnitude, the first period will be chosen for the analysis. In contrast, if
the magnitude of load increases over time, both earlier periods of smaller magnitude and
later periods of higher magnitude should be analyzed to find out which is the most
critical, (Hermann, 1981).
Design for Cyclic/Repeated Loading
Possible scenarios are: the anchor undergoes cyclic-loading leading to soil strength loss
or liquefaction instability; an earthquake hits the area subjecting the anchor-soil system to
cyclic loading and soil strength loss with possible reduction of the holding capacity in all
conditions.
Given the nature of soil, particular attention must be paid to loading conditions and
possible consequences. During cyclic loading by an earthquake, storm waves and/or
wind, loose and fine-grained granular soils are more likely to liquefy and the anchor
might fail. The phenomenon occurs because under cyclic loading the soil tends to densify
with reduction of the void ratio; still, the duration of each cycle is too short to allow for
the induced excess pore pressure to dissipate even though the soil permeability is
reasonably high. Hence, the pore pressure buildup over time leads to a significant
reduction of the effective stresses until the pore pressure equals the total vertical stress
and the absence of effective stresses causes the soil liquefaction. Therefore, the higher the
relative density or the permeability of the granular deposit, the lower the chance it could
undergo liquefaction because failure occurs if the pore pressure buildup is greater than
dissipation within each load cycle. Once triggered, liquefaction takes much less energy to
be re-activated if it is not fully dissipated.
The cyclic loading pattern can be described by both the total number of cycles (see
example given in Table 2.3) and the spectral distribution of load magnitude (see Fig.
2.42) as a function of the number of cycles. However, in both cases tCD has to be
preliminarily determined from the knowledge of the soil, (Hermann, (1981)).
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Figure 2.42: Load magnitude as a function of the number of cycles, (Hermann, 1981).
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5-10 525 4,645 5 cyclic load, these two-thirds of load cycles
10-15 655 4,120 8 can be ignored.
15-20 717 3,465 11
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25-30 675 2,023 16
30-3521 930 300,000 635-40 380 798 22 2 3 0,0
40-45 205 418 25 27 315 25,000 2545-50 110 213 28
50-55 60 103 31 3 5 200 8
55-60 2533 85 2,000 85
60-65 10 18 36 38 15 500 6065-70 5 8 39
70-75 2 3 42 44 3 200 3075-80 1 1 45
Total 5,000 1N 206
Any type of anchor subjected to cyclic loading will continuously displace upwards, but if
the load is kept under a critical value the rate of displacement will decrease over time.
For shallow anchors, as the anchor displaces it encounters lower resistance by the weight
of the soil wedge upon it, so its rate of movement will increase. On the other hand, deep
anchors are sufficiently far from the surface such that the system gets more and more
stable unless the load exceeds a critical value and leads the system to failure; in
particular, a well-installed anchor, that undergoes cyclic loading with magnitude lower
than the initial static capacity, can even experience an increase in capacity (see Fig. 2.43).
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Figure 2.43: Initial and final capacity comparison with the occurrence of cyclic load, (Vryhof Anchors).
When an anchor is subjected to cyclic loading applied in a sinusoidal fashion between
zero and a specific peak load P, the anchor displacement rate initially slows down and
then increases approaching the failure once a critical strain level is reached. A family of
hyperbolic curves, shown in Fig. 2.44, can represent the behavior of an anchor system
undergoing cyclic loading; varying the number of cycles and the peak magnitude of
cyclic load (Qc) to ultimate anchor capacity (Quit) ratio, the displacement rate and its
value (expressed in fractions of the relative depth k) change accordingly. If the peak
magnitude of load is constant and the number of loading cycles increases, the curves get
closer meaning that the displacement rate gets faster: this occurs rapidly when Qc/Quit is
lower than 30%, but it occurs at a higher number of cycles than for higher values of
Qc/Quit. Similarly, if the number of cycles is constant and the peak magnitude of load
increases, the displacement rate gets faster: in this case, however, the higher the number
of cycles, the quicker the displacement increases. Conclusively, a different family of
curves can be obtained with respect to the relative depth, the relative density, the anchor
size and shape, the installation procedures and the cyclic loading combination.
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Figure 2.44: Life of anchor for different relative movement limits as function of cyclic load amplitude,
adapted from (Andreadis et al., 1981).
Anchors experiencing a total strain lower then the critical value show negligible decline
in uplift capacity with respect to their static resistance. In addition, if the anchor system is
subjected to a cyclic loading with varying peak load between cycles the resulting capacity
reduction results from the cumulative displacements, and during loading the area of the
hysteresis loop decreases. Nevertheless, Fig. 2.45 illustrates that the hysteresis loop get
smaller during the application of the cyclic loading and their shape stabilizes after only
thousands of cycles. However, if the cumulative displacement adds up to the critical
value, then the current hysteresis loop will get bigger until the anchor fails and is pulled
out of the soil.
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Figure 2.45: Repeated load tests - typical hysteresis loops, (Andreadis et al., 1981).
The relative depth as well as the size of the anchor mainly determines the value of the
critical strain before collapse. In fact, the deeper the embedment the larger must be the
relative movement of the anchor at each loading cycle to get closer to the surface and
start failing. Conversely, the greater the size the greater the initial elastic displacement of
the anchor that determines a higher flow of material around its edges towards the cavity
below it, and therefore this results in a faster strength reduction.
Nevertheless, as better explained later on in the paper, Clemence and Veesaert (1977)
observed how under particular conditions the anchor experiences an increase in the peak
capacity before reaching failure (see Fig. 2.46) mainly supported by the inertial force of
the soil mass above it, which counteracts the upward movement, and by the enhanced soil






Figure 2.46: Increase in holding capacity of the anchor due to dynamic loading,
(Clemence and Veesaert, 1977).
As the cyclic loading is applied, the stresses in the soil follow the same pattern in
magnitude and frequencies: they oscillate. It is important to notice that after the initial
application of the load during the cyclic loading the horizontal stresses maintain high
magnitude within a limited area around the anchor and vertical stresses are lower than the
corresponding vertical ones during static loading. In particular, the following Fig. 2.47
shows the distribution of horizontal stresses around the anchor body when it is loaded up
to 40% of its ultimate holding capacity either for static or cyclic loading.
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Figure 2.47: Comparison static - cyclic horizontal stresses distribution, (Andreadis et al., 1981).
If a soil-anchor system undergoes a cyclic loading without reaching failure, and then is
statically loaded, it will have an increased stiffness compared to that the system would
have had if subjected to the sole static load. This improvement derives from the
densification of material and it is proved by the progressive reduction in area. of the
hysteresis loop. For very deep anchors, the enhancement in stiffness after each cyclic
movement is lower because larger displacement is required for the system to collapse.
In general, the criteria used for a preliminary design under cyclic loading conditions
involve several conservative assumptions so that lower values of FS are legitimate for
computing the respective working load.
2.4.2.3 Cyclic Creep during Loading
Cyclic creep can be easily appreciated subjecting one anchor to a continuous sinusoidal
loading pattern with maximum and minimum magnitude kept constant. As the anchor
move upward the portion of soil above its base compresses, and the soil grains are
displaced down around the edges. Thus, the anchor tends to move back downward during
the unloading portion of each cycle, but the previously displaced matter prevents it from
causing cyclic creep. Most importantly, the holding capacity declines, and, with a
constant peak magnitude, the cyclic creep rate may even increase over time, (Bemben,
Kalajian, and Kupferman, 1973).
2.4.2.4 Earthquake Loading
In an area of high seismicity, wherein anchors are supposed to be installed within 100
miles of possible epicenters, the effects of an earthquake should be considered in design.
Earthquakes are source of strong cyclic loads acting directly into the soil mass and
subjecting it to shear stresses; these stresses derive from the shear waves that travel out of
the epicenter through the soil. The resulting cyclic loads feature a frequency of about 2
Hz, and a number of cycles that ranges from 10 to 30 depending on the quake magnitude.
The soil will be subjected to a maximum acceleration, which depends on the distance
from the epicenter and the magnitude itself, as shown in Fig. 2.48.
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Figure 2.48: Variation of maximum acceleration associated with earthquakes of various magnitudes and
different distance from causative fault, (Seed et al., 1969).
Design for Earthquake Loading
In case an earthquake occurs, large shear stresses act within the embedment depth of the
anchor and they may reduce the anchor capacity under all types of loads. This scenario is
likely to happen for certain categories of soils such as granular soils whose composition
indicates clean or relatively clean sand, coarse and uniform silt, with a small percentage
of fines. Nonetheless, a granular soil is less susceptible to experience strength loss if it
has high relative density, and it is part of a deep deposit.
Therefore, a liquefaction analysis should be done for the soil zone within the anchor
embedment depth up to the mudline. If the site results at risk of liquefaction, the anchor
may fail when loaded during the earthquake or after it within a time of 0.2 tCD, whose
value can be in the order of minutes for such soils.
A reliable way to evaluate the holding capacity of an anchor and verify its stability under
earthquake cyclic conditions is to implement the same approach used for cyclic loading,
which considers various factors in order to account for different characteristics of the
loading condition with respect to the static one.
2.4.2.5 Effect of Load History
The holding capacity of an anchor is a function of the soil properties and particularly of
the effective stresses acting among grains. It means that any increase of induced excess
pore pressure implies a decrease in capacity as well as its dissipation over time leads to a
denser and stronger soil.
This explains why, for those anchors provided with a fluke, it is recommended to start the
operation of cable-anchor tensioning after a time of tCD from the end of maximum
penetration. In fact, once the drained equilibrium is reached for t> tCD, the soil has higher
strength than it did during consolidation, so the anchor can be keyed in a shorter distance
resulting in larger embedment depth and greater holding capacity.
In summary, to determine the most critical periods of service of the soil-anchor system,
either cyclic or impact loading are to be examined, but in a different time frame. Indeed,
impact loads have the nature of single events whose damaging effects, if any, can be seen
within a period of 0.5 tCD, whilst for cyclic loads the entire period tCD has to be
considered.
3 Modelling 1 - Conventional Modelling
In this chapter the static and dynamic capacity of circular anchors in granular soils is
investigated through the theory elaborated by Clemence and Veesaert in 1977. The
objective is to understand how all the parameters are interrelated. Firstly, a description of
their experiences and results is provided. Secondly, using the relationships they proposed,
we examine how the variation of the variables affects the anchor capacity at the model
scale.
3.1 Static and Dynamic Vertical Uplift Capacity of Circular Anchors
In 1977, S.P. Clemence and C.J. Veesaert investigated on the behavior of embedment
anchors in sand under static and dynamic loading. Their research was conducted through
a series of laboratory tests, which respected some hypotheses. They are as follows:
e the soil is uniformly graded air dried river sand placed at uniform relative density;
e soil has a Mohr-Coulomb failure criterion;
- the container is a rigid steel box measuring 24"(61 cm) x 24"(61 cm) x 27"(68.5
cm);
e tests are performed with full and half circular anchors (see Fig. 3.1); and,
e the objects of the tests are two flat circular anchors with 3"(5.67 cm) and 5"(12.7
cm) diameter, and equal thickness of 0.125" (32 mm);
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Figure 3.1: Typical geometry of a full (left) and half (right) circular anchor.
Moreover, the selected sand had Uniformity Coefficient Cu=D 6o/D1o=l.39 and dry
density ranging between 14 kN/m 3 and 17 kN/m3. It was placed in the container at a
relative density of 96% for all of the tests.
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As shown in Fig. 3.2, the static load was applied by using a turnbuckle and a steel cable
at a deflection rate of 0.25" (6.3 mm) per minute. They were associated with a load cell,








Figure 3.2: Loading system, (Clemence and Veesaert, 1977).
In addition, the dynamic loading was reproduced employing a piston, which simulated
linear movements with 1.25" (3.2 cm) displacement amplitude, 3 Hz frequency, and 0.2g
acceleration. In particular, to reproduce a real field condition, the dynamic load was
applied once the anchor was prestressed to 50% of its ultimate static capacity.
To compare dynamic and static resistance, a series of tests was performed considering
multiple values of relative depth (H/B), where H is the embedment depth and B the
anchor diameter. The relative depth was chosen equal to 3, 4, 5, 6, 7 for the smaller
anchor, and equal to 1, 2, 3 for the bigger one.
Movie filming of the failure movements allowed researchers to define the shape of the
rupture surface. This appeared to develop upward from the anchor edges until it reached
the surface. Indeed, as illustrated in Fig. 3.3a, C&V (1977) approximated the rupture
surface by a truncated cone whose apex angle equals the soil friction angle $. Most
importantly, they observed that the failure surface for static and dynamic loading didn't
show significant differences (see Fig. 3.3b).
- -s e test
-- Static %t
a) b)
Figure 3.3: a) Rupture surface approximated by a truncated cone; b) Comparison between typical failure
surfaces for shallow anchors in static and dynamic lab tests, (Clemence and Veesaert, 1977).
Nevertheless, an interesting finding evolved. As already predicted by other researchers
(Balla, 1961 - Baker and Konder, 1965), C&V (1977) noticed that for high relative depth
(H/B) the rupture surface didn't follow the same pattern any more. It developed upward
with the standard shape for a distance of 2-3 diameters and then "the movement occurred
within a vertical column with no well defined failure surface", as shown in Fig. 3.4.
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Figure 3.4: Comparison between typical failure surfaces for deep anchor under static and dynamic lab
tests, (Clemence and Veesaert, 1977).
They based their theory on the observation of the shape of the failure surface, so they
postulated two equations to calculate the uplift resistance of circular anchors under static
and dynamic loading.
The static resistance is obtained as the sum of the weight of the soil within the failure
surface and the friction that develops along the failure surface itself. Assuming that the
normal stress acting along the surface varies linearly with depth, the anchor static
resistance can be expressed by:
Q, =yV,+yKotan(#))cos2( )4 BH 2  H3 tan(2) (3.1)S tS 2 2 3
In comparison to the static resistance, the dynamic capacity was higher. Researchers
attributed this result to two factors:
- the inertial force of the soil mass within the failure surface; and,
e the increase of the shearing resistance along the surface itself due to the enhanced
strain rate.
For these reasons, C&V (1977) modified the previous equation and proposed the
following expression to compute the dynamic resistance:
)7r BH2 Htan(Q= y,V+yK 0 tan(#) cos2 x- + Df + Vsy,a (3.2)2 H 3
In Eqs. (3.1) and (3.2), the parameters represent the following:
Soil Properties
yt = total unit weight of soil with S=O%
c = cohesion of the soil
friction angle of the soil
1p = soil dilatancy
Ko = coefficient of earth pressure at rest
Anchor Properties
B = fluke diameter
R = fluke radius











diameter of the larger base of the truncated cone
radius of the larger base of the truncated cone
volume of sand within truncated cone failure surface







dynamic strain rate factor
acceleration of anchor in units of g
ultimate anchor dynamic capacity
were performed under specific conditions with different values of the
parameters, specifically:
Table 3.1: Variables' values used for lab tests, (Clemence and Veesaert, 1977).
Yt= c = = = Ko= B= H/B= Df a=
kN/m' kPa deg deg - cm - - g
17 0 39 0 0.5 5.67 3 to 7 1.1 0.2
17 0 39 0 0.5 12.7 1 to 3 1.1 0.2
For the present analysis, the red line plots the dynamic holding capacity, while the blue
line plots the static one. As mentioned, very few tests were performed on the two
anchors, and their trends are plotted in Fig. 3.5 with a solid line. However, to compare
these lab results with the future theoretical estimates, these lab trends have been
extended, with the use of Eqs. (3.1) and (3.2), by increasing the relative depth and
keeping unchanged all other variables; the resulting extensions (Qsi, Qdi) have been
denoted by dashed lines. Figure 3.5 shows how keeping B=12.7 cm (B2) both Qs and Qd
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Figure 3.5: Q, and Qd curves for actual lab tests, and extension of their trends with variation of H/B.
3.2 Variable Sensitivity
The purpose of this study is to analyze how the variation of variables in Table 1 affects
the anchor resistance both under static and dynamic loading. Since Eqs. (3.1) and (3.2)
are derived from the mentioned lab tests, multiple computations are performed changing
the variables' values, but within a limited range; this provision is necessary in order to
use the equations correctly and simulate plausible lab results. In addition, modifications
occur taking into account two variables at a time, but one of them is always the relative
depth that is used as a basis for comparison.
The proposed variations are indicated in Table 3.2.
Table 3.2: Variables' values used for comparative study.
Variation yt= c= <= 1p= Ko= B= H/B= Df= a=
- kN/m kPa deg deg - cm - - g
from 17.0 0 39.0 0 0.3 5.67 1 1.1 0.20
to 19.6 0 41.6 0 0.95 18.7 27 3.7 0.46
The analysis results can be plotted and discussed for highlighting some important points.
In the following plots, the light red line and the light blue line plot the theoretical
estimates obtained by the use of equation (3.1) and (3.2). In Figure 3.6 the two new
curves - Qs(B) and Qd(B) - are representative of the increase in Qs and Qd with increase
in anchor diameter. They start from the bottom curves for B=5.67 cm and move
exponentially upward until they intersect the upper curves at B=12.7 cm; further increase
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Figure 3.6: Theoretical curves for Q, and Qd as functions of the change in B plot with the basic case curves
At first glance, one can appreciate how all trends vary exponentially; still, more
important is how the anchor capacity strongly goes up with increase of the anchor
diameter. In fact, the diameter governs the anchor capacity because it directly affects the
size of the truncated cone that identifies the rupture surface. Therefore, the bigger the
anchor, the heavier the soil plug within the failure surface and the greater the friction that
develops along the failure surface itself. In particular, the capacity-diameter relationship
is mathematically justified because the volume of the truncated cone shaped surface is a
function of R2 and Rm2, where R and Rm are respectively the radius of the anchor and the
base radius of the cone at the surface.
Fig. 3.7 shows the Qs and Qd curves as function of the change in KO, or $, or y, and how
their trends are much lower than those corresponding to the functions of B. Note that the
change of Qs and Qd as a function of y mostly overlaps with the corresponding curves as
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Figure 3.8: Detail of Fig. 7a with Q, and Qd, as functions of the change in $, y.
Finally, Fig. 3.9 shows the Qs and Qd curves as functions of the dynamic parameters a
and D. In this case, they are plotted considering the anchor 5.67 cm in diameter, and
changing only the relative depth and one of the two dynamic variables at a time.
Consequently, both their Qs curves coincide with the Qs curve for B=5.67 cm (B1)
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Figure 3.9: Q, and Qd, as functions of the change in Df; a distinctively, plot with the basic case curves.
.. ...... ...
Comparing these trends to those previously examined confirms that B is the leading
variable for the anchor loading capacity, and its role is definitely crucial for the anchor
resistance.
Moreover, as expected, the dynamic capacity results constantly higher than the static one.
For each pair of curves, this difference is remarkable when the independent variable is Df
or a because they only influence the dynamic resistance; particularly, Dj has a higher
influence on the resulting capacity since it multiplies the weight of the mobilized soil.
When the independent variable is one of B, Ko, , or y, the difference between the static
and dynamic curves' shapes is less remarkable because both multipliers are kept constant
(Dp 1.1, a=0.2), so both static and dynamic capacity increase with the same rate dictated
by the common factors.
4 Modelling 2 - Modelling-of-Models
The purpose of this chapter is to ascertain that the model predictions, discussed in chapter
3, can adequately simulate the prototype conditions. This is necessary in order to
eventually extrapolate results from the model to the prototype scale. At first, the chapter
presents the concepts of the modelling-of-models followed by the proper dimensional
analysis for the case study. This analysis discusses the variable selection and the
determination of the dimensionless products. Secondly, the dimensionless products are
used to express the relationship between the model and the prototype. This goal is
achieved by use of past centrifugal tests. Finally, after introducing the prototype
conditions, we propose a first anchor design. In accordance to the theories under
discussion, this design is developed for the simplified case of dry soil.
4.1 Introduction to the Modelling-of-Models and Dimensional Analysis
The modelling-of-models is a powerful resource, which helps control the correctness of
the modelling procedure and finally establish if data can be extrapolated to the prototype
scale. However, as Taylor (1995) warns, the modelling-of-models does not represent a
sound guarantee for the aforementioned goal because the variables involved in model
tests may only be varied within a limited range of values and, therefore, they always
differ from the prototype's by at least an order of magnitude.
The modelling-of-models can take advantage of a powerful tool, such as the centrifuge.
Its usefulness comes from the possibility to reproduce at a small scale the same stress
state and distribution acting on the prototype, a fundamental principle when it comes to
soil behavior. In particular, the high gravitational acceleration generated allows
experimenters to simulate field conditions with the same material provided there is a
minimum value of the model width to mean grain diameter ratio, (Iglesia, Einstein, and
Whitman).
When the acceleration of gravity is scaled up by a factor of N, and the model's main
dimension is N-times smaller than the prototype's, the grain size should not be scaled. In
fact, the centripetal force leads an increase in the specific unit weights from y=pg at rest
to y=p(V/R 2)=pNg at speed, where R=radius of the centrifuge and V=velocity of rotation.
Hence, the model will experience the same stress state distribution as the prototype at real
scale, (Dickin and Leung, 1983).
In essence, a series of tests consists of varying the acceleration of gravity g and the model
size (diameter) according to proper scaling laws with the desired target of obtaining
identical results in dimensionless or normalized spaces, (Iglesia, Einstein, and Whitman).
Additionally, to further validate the results, other tests may be performed using a material
different from the one present in situ and scaling the grain size properly by 1/N. The
intent of this is to investigate slight differences due to the grain size and comprehend the
extent of its influence to achieve a reasonable similitude. However, it is generally
preferable to use the real material because it may not be exhaustively known or the
alternative one (for example, glass beads) may not have the same properties, (Fuglsang
and Ovesen, 1988; Iglesia, Einstein, and Whitman).
In conclusion, size effects in granular soils may affect centrifugal experiments. To avoid
scale errors and set up correct tests, experimenters should make use of the dimensional
analysis and of the chart proposed by Christensen and Bagge (1977).
This chart plots the main dimension of the model (for instance, diameter or width) on the
horizontal axis and the gravitational scale factor N on the vertical axis, both on the
logarithmic scale. Since these two parameters must satisfy the following similarity:
Bp=N x Bm (4.1)
where B stands for the dimension of the device to be tested, and the subscripts p and m
indicate the prototype and the model respectively, different tests for the same prototype
should align on a 450 ascending line. Fig. 4.1 illustrates how tests performed by Ovesen
(1981) for the uplift capacity of anchors in sand complied with equation (1), so they
didn't show any scale error, (Fuglsang and Ovesen, 1988).
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Most importantly, in order to extrapolate information from the model to the prototype,
the experimenter must ascertain that the model will reproduce the actual phenomenon.
For this reason, the dimensional analysis helps set criteria that, if entirely complied with
by the model, indicate the success of simulation. Nevertheless, the model may not include
some of the laws that regulate the phenomenon at real scale, therefore the experimenter
should:
e identify those variables and laws whose compliance is crucial for the simulation,
and adequately set the test; and,
- prove insignificant and/or be aware of the effects that non-reproduced conditions
have on the results.
As thoroughly discussed by Langhaar (195 1), while the dimensional analysis helps derive
the model laws, this is correctly achieved only with a sound knowledge of the
phenomenon; then, once all independent variables have been defined, experimental
evidence is necessary to prove the goodness of the selection, (Fuglsang and Ovesen,
1988; Langhaar, 1951; Ovesen, 1981).
The application of the dimensional analysis to a natural phenomenon suggests to go
through the following steps:
e select the independent variables for the model study;
- sort variables and form dimensionless products; and,
e evaluate the correctness of modelling by comparing dimensionless products for the
model and the prototype.
This procedure will be examined in the following paragraphs.
DIMENSIONAL VARIABLES SELECTION
The prototype considered here is a horizontal circular plate anchor embedded in a sand-
gravelly deposit with an average grain size ranging between 0.53 mm and 21.3 mm, as
shown in Table 4.1.
Table 4.1: Grain size characteristics of the Coastal Plain Deposit of the Sicilian shore,
(Jamiolkowski and Lo Presti, 2003).
Gravel f%) Sand (%) Fines f%)
MC St. dem Mean St. de. Man Si de.
HocenM(CPD)
D50(mmj D6...0 I (mnm
No of
rui To From To IMean St, dc-. tws
H 540 22.1 344 194 8,6 6.7 0.53 960 34 2237 470 17.1 46
LPt 65.5 22.5 31.7 21,6 2.8 2.2 C0 21.30 2.1 126,9 57.9 24.1 73
SPT 59.6 17.4 16.4 16.7 4.0 2.1 0.60 15.0 3.1 1033 30 1 9.1 103
Despite its complex stress-strain behavior, due to the dependence on density, stress level,
stress path, and strain rate, soil generally acts as a continuum; therefore, high gravity and
proper scaling allow one to reproduce identical stresses and strains at corresponding
points in the model and the prototype.
Ovesen (1981) performed a few tests on either circular or square vertical anchors with the
objective of examining their uplift holding capacity in granular soil. Ovesen (1981) used
air-dried sand with 1.25 mm mean grain diameter that was accurately layered in the
centrifuge box in order to obtain a uniform distribution. At the same time, the anchor
model was being embedded in it, and subjected to a vertical pullout force once the system
was set up.
With the background information provided in chapter 2 and the support of Ovesen's
(1981) experiences, independent variables to describe the vertical resistance of a circular
anchor have been defined and reported in Table 4.2 with their symbols and their
dimensions in terms of force (F), and length (L), (Ovesen, 1981).
Table 4.2: Independent variables for dimensional analysis, adapted from (Ovesen, 1981).
Variables Symbols Dimensional Units
Diameter B L
Embedment depth H L
Unit weight Y F/L3
Void ratio e dimensionless
Soil friction angle dimensionless
Soil cohesion c F/L 2
Crushing strength of grains og F/L 2
Modulus of Elasticity of grains Eg F/L 2
Mean grain diameter d50  L
A discussion about the selected variables follows:
The diameter of the anchor (B) is crucial because it governs the anchor capacity. It
influences the size of the rupture surface, so the larger the anchor, the heavier the soil
plug within the failure surface and the greater the friction force that develops along the
failure surface itself between the mobilized soil and the one that rests in place.
The embedment depth (H) is also an obvious parameter, similar to the diameter, because
it has a direct impact on the uplift resistance of the anchor. The deeper the anchor, the
greater the volume of soil within the shearing surface and the higher the pullout
resistance of the anchor for a given diameter and soil properties.
The unit weight (y) and the void ratio (e) of soil are two material parameters that one
must consider. The former determines the weight of the soil plug within the failure
surface, the latter influences the relative density of the material; therefore, they act as
fundamental variables in determining the counter-force to the external pullout.
The soil friction angle ($) and the crushing strength (og) of the grain material (which
relates to the angle of dilatancy) are two other independent variables involved in the
system failure mechanism. In particular, Rowe and Davis (1982) demonstrate how the
uplift resistance of vertical axis anchors depends on them through the bearing capacity
factor Nq.
The soil cohesion (c) and soil modulus of elasticity of grains (E) are significant
quantities, as well. They are directly related to the stress-strain-strength behavior of the
material, therefore model and prototype should be properly scaled.
The mean grain diameter (d50 ) is the last of the independent variables to consider. It is
important because the anchor diameter to d5s ratio may cause scale effects if not
maintained above a certain value.
The acceleration of gravity (g) is very important for the model and prototype similitude.
It is not included in the set of variables, but it is known that it is responsible for the
stresses acting between soil grains and on any buried structure; indeed, the gravitational
acceleration is the main feature of the model test apparatus (centrifuge) because it allows
one to reproduce in the model the same distribution of stresses as in the prototype, and all
scaling factors used in a centrifuge model test relate to its magnitude. In this particular
case, Ovesen (1981) managed to obtain some important results thanks to the innovative
characteristics of the centrifugal system.
Finally, another potential variable for the model study might be the earth pressure
coefficient at rest (Ko). However, as argued by Rowe and Davis (1982), its influence on
the holding capacity of vertical-axis anchors is negligible.
DETERMINATION OF DIMENSIONLESS PRODUCTS
The uplift capacity of a circular anchor in granular soil can be expressed as a function of
the preceding nine variables
Q =f(B, e, $, c, oyg, Eg, ds, H, y) (4.2)
This equation has to be dimensionally homogeneous. According to Buckingham's
Theorem (1914), this condition is satisfied if the equation can be rewritten in terms of
dimensionless products; therefore, f has to be formulated as a function of those
dimensionless products associated with independent variables and Q has to be normalized
with respect to one or more of these variables in order to obtain also a dimensionless
ratio. Each variable has dimensional units given by some combination of the basic system
units considered in the study, which are force (F), and length (L).
Dimensionless products can be derived via Langhaar's (1951) procedure, which states
that, given n independent variables whose units are a combination of p basic dimensions,
the maximum associated number of dimensionless products can be n-p. To determine
these products one can use the following procedure:
1) Each variable can be written as a function of the basic dimensions F, and L, as
already presented in Table 4.2.
2) Numerical relations between independent variables and basic dimensions can be
arranged in matrix form, as illustrated in Matrix (4.1). In particular, as Langhaar
(1951) suggests, the order of variables should follow from left to right reporting at
the very left the easiest variable to regulate during the test, and at the very right
the most difficult one.
Matrix (4.1)
B e c Gg Eg d50 H Y
F 0 0 0 1 1
L 1 0 0 2 2
1 0 0 1
2 1 1 3
3) The rank r - order of the greatest non-zero determinant - of Matrix (4.1) is
determined, and the number of dimensionless products to obtain is n-r. In
particular, looking at the 8th and 9 th columns the resulting matrix (shown below)
has a non-zero determinant; therefore, the rank of the matrix is 2, and the
number of dimensionless products to be determined is 9-2=7.
0 1
1 3
4) Each dimensionless product can be written as a product of powers of the
independent variables.
U1i = Bkiek2 k3ck4ag- Ek6 d5k7 H k8 yk9 (4.3)
or i = [L ] [FL ]k2 [FL [FL-2 k4 [FL-2 ]ks [FL-2 ]k6 [L ]k [L 14 [FL-3 ] (4.4)
or Hi = [F]k4 +ks+k 6 + [L]j -2k4 -2k5 -2k6 + k+k 8 -3k (4.5)
5) In order to have Ui dimensionless, exponents of the powers in eq. (4.5) must
satisfy the following n-r homogeneous equations:
k4 +k5 +k6 +k =0 (4.6)
k-2k4 -2k 5 -2k 6 +k,+k-3k =0 (4.7)
These equations can also be expressed in the following matrix form:
0 0 0 1 1 1 0 0 1 k,
1 0 0 -2 -2 -2 1 1 -3 ... =0 (4.8)
k,
6) Only r equations can be used to identify independent dimensionless products.
Since r=2, both Eq. (4.6) and (4.7) can be used.
7) The number of unknowns, n=9, is greater than the number of available equations,
r=2; therefore, the system of equations is indeterminate and the value of n-r--7
unknowns must be fixed. This can be achieved by assigning zero to each of the
seven unknowns except for one that is considered equal to unity.
8) r=2 unknowns must be selected in order to have explicit values for them Eqs.
(4.6) and (4.7). These variables may appear in more than one dimensionless
product; hence, the dimensionless products will be dependent on these variables,
but independent on each other. A set of solutions is possible if H and y are the two
chosen variables; they represent the basic units length (L) and force (F)
respectively, and their product, yH, allows one to express the specific anchor
uplift capacity, p [kPa], in a dimensionless fashion, p/yH. Consequently, the
dimensionless products can be determined as mentioned in step 7.:
First, Eqs. (4.6) and (4.7) can be rewritten as
k9 = -k4 -k5 -k6  (4.9)
-k - k - k4- k- k6 (4.10)
Then, assigning the values ki=1 and k4, k5, k6, k7=0, and operating with Eqs.
(4.9) and (4.10), one gets k8=-1 and k9=O. Thus, the first dimensionless product is:
Li = HlD-1 = H /D
The second and third dimensionless products are determined by the dimensionless
independent variables as follows:
H 2 = e 1 3 =#
The fourth dimensionless product can be formed using the same equations as
for H1, but assigning values k4=1 and ki, k5, k6, k7=0. From Eq. (4.9) and (4.10) it
results that k8=- 1 and k9=- 1, so the second dimensionless product is:
H4 = cH -'y - = c/Hy
The process continues in the same manner, so replacing ks=1 and ki, k4, k6, k7=0
in Eqs. (4.9) and (4.10) one obtains k8=-1 and k9=-1, so the fifth dimensionless
product is:
U5 = Og H -Y= org / Hy
With k6=1 and ki, k4, k5, k7=0, Eqs. (4.9) and (4.10) return k8=-1 and k9=-1, hence
the sixth dimensionless product is:
U6 = Eg 'H-Y- = EI Hy
Substituting k7=1 and ki, k4, k5, k6=0, Eqs. (4.9) and (4.10) give back k8=-1 and
k9=0; as a result the seventh dimensionless product:
U, = d50 H-1 =d / H
In summary, the seven dimensionless products are as follows:
f1=H/D [12 =e H3=# H 4 =c/Hy
H5 =,gIHy H6 =E/Hy U ,=dsIH
These products represent all independent products that can be determined through
dimensional analysis for the present model study; eventually, other dimensionless,
but dependent, products may be derived trough a product of their powers, but
one should ascertain that they are independent of each other, (Langhaar, 1951;
Ovesen, 1981).
Although many sets of independent dimensionless products may be obtained from the
same group of variables, the products presented here come from a specific selection; in
fact, the experimenter does not have the control of all variables, so few of them (r=2),
will be part of every dimensionless product, whereas each of the other independent
variables, that can be experimentally regulated, will be part of only one dimensionless
product in order to guarantee sound control of the experiment. In such a model study, H
and y are the most difficult variables to control during model tests, so they have been
selected as the variables to hold constant and to form the majority of the dimensionless
products.
Conclusively, with Q=pA (p=anchor capacity per unit area of the anchor fluke, A=area of
the anchor fluke), the dimensionless specific anchor uplift capacity can be expressed as
an unknown function of these seven products (Langhaar, 1951):
p f(Heo ggd 5 O (4.11)
yH D yH yH 'yH 'yH
4.2 Use of Dimensionless Products
After the dimensional analysis, a perfect simulation would require that all dimensionless
products be identical for both the model and the prototype as stated below:
Himodel = li prototype for i=1,..,7 (4.12)
Unfortunately, such a degree of similarity is almost never possible to achieve and the
inequality of few dimensionless products must be justified as a secondary influence on
the simulation, (Fuglsang and Ovesen, 1988; Ovesen, 1981).
As mentioned before, Ovesen (1981) investigated on the vertical uplift capacity of square
and circular anchors in dry sand with the specific purpose to discover which scale errors
affect the predictions derived from conventional model. In particular, he performed tests
on shallow embedded anchors (H/B<3.5) and reproduced a circular anchor by testing a
square anchor slab with equivalent width Be, which implies the same fluke area (see Fig.
4.2).
Figure 4.2: Ovesen (1981) - Test setting and definition of circular anchor, (Ovesen, 1981).
Departing from the condition of complete similarity, according to which all seven
dimensionless products have same value in both the model and the prototype, he pointed
out that conventional models fail to satisfy four out of the seven equalities. In particular,
the problem concerns products 14, [5, H6, [17, because conventional models forfeit the
chance to reproduce the same stress-strain soil behavior of the prototype since the
gravitational acceleration remains unvaried, whereas the geometry is scaled down by a
factor of N.
On the other hand, centrifugal tests comply with six out of seven products: only product
[17 is still different from the prototype, because the material in use is as that in situ and
consequently the average grain size to embedment depth ratio can not be replicated.
Table 4.3 summarizes which similitude requirements are and are not satisfied by
conventional and centrifugal models with respect to the prototype conditions; the Table
also reports 0, angle of inclination of the anchor, which is not taken into consideration as
the present case study focuses on vertical-axis anchor.
Table 4.3: Conventional model and centrifugal model comparison of similitude requirements,
(Ovesen, 1981).
Ovesen (1981) performed dozens of tests about the uplift capacity of circular anchors in
dry sand either in conventional models or with the centrifuge. He not only compared his
own results to the prototypes, but also compared others' conventional model results with
the corresponding ones he obtained from centrifugal models. An interesting and expected
result evolved: as illustrated in Fig. 4.3, the uplift resistance predicted by conventional
Prototype Conventional Model Centrifugal Model
Scale: 1:1 Scale: 1:n Scale: 1:n
Gravity: g Gravity: g Gravity: ig
1 H/a - - H/B similar H/B similar2 i/Hlai
2 e similar e similar
3 e a similar e similar
4 4 4 similar 4 similar
5 1 0 i s5 not ~similar -_a iia
__fl___no simlar_ similar
YUH Y-H/n Yn-/n
6 -5-- 9 not similar 9i- similary.B y-H/n yn.H/n
d 8 d
6 - not similar no Mt similar
I / H/n 
_
models appeared overestimated compared to that anticipated by centrifugal models both
in loose and dense sand.
Figure 4.3: Ovesen
01 , L i a ,OW
0 1 2 3
(1981) - Comparison between conventional and centrifugal test results,
(Ovesen, 1981).
The tested material was always the same type of sand, yet varying the relative density
(Dr), the experimenter could vary the soil friction angle, which reached 37.7* for a dense
sand (Dr=108%) and 29.50 for a loose sand (Dr=38%). However, since difficulties were
encountered in defining the friction angle through triaxial tests, Ovesen (1981) decided to
estimate < by means of the material properties via an empirical expression in accordance
with the Danish Code of Practice for Foundation Engineering 1977:
#,r = 300 - + 14- - D,C, CU
(4.13)
where Cu = D60/Dio = uniformity coefficient of soil.
As a matter of fact, scale errors affect the results of conventional models; therefore the
use of the centrifuge apparatus and of proper scaling laws lead to a more reliable and
correct way to extrapolate model results to the prototype scale. Being aware of this fact,
Ovesen (1981) summarized all his results of the centrifuge model tests performed on
circular anchors, plotted them on a normalized space (see Fig. 4.4), and looked for a new







Figure 4.4: Ovesen (1981) - Summary of test results for the vertical uplift capacity of circular anchors,
(Ovesen, 1981).
Finally, he succeeded in his data regression analysis and proposed the following new
formula for the dimensionless vertical uplift capacity of circular anchor in sand
pH
=1 + (4.32- tan #-1.58) - (4.14)
yH B,
The presented Eq. (4.14) can be used to predict the real anchor uplift capacity, but,
because of the actual test conditions, one has to comply with the following two
conditions:
e the anchor is embedded at shallow depth, or 05H/B5L3.5; and,
e the soil friction angle < falls in the range between 29' and 420.
Few field tests have been run by Matsuo (1968) to verify the validity of Eq. (4.14); as
shown in Table 4.4, the reproduced conditions account for medium-dense sand with high
friction angle and embedment ratios H/B always lower than 3.5, and even lower than 1.
The uplift capacity factors (p/yH), or the dimensionless specific anchor uplift capacities,
obtained from the field tests and Eq. (4.14), are in good agreement, especially for the
second test where H/B reaches the lowest value of 0.55. Overall, they demonstrated the
great accuracy of Eq. (4.14) with errors rarely higher than 5%, (Ovesen, 1981).
Table 4.4: Field test data and comparison with Eq. (4.14), adapted from (Ovesen, 1981).
4.3 Prototype Conditions
The prototype in object is a circular anchor embedded in the uppermost layer of the
Messina Strait, which is the coastal plain deposit (CPD).
As Fig. 4.5 suggests, the prototype conditions require more than one anchor subjected to
a vertical uplift load in a tension-leg fashion to keep in place a floating structure. This
consists of three connected floating platforms with an upside-down tripod structure




Figure 4.5: Three-platforms floating structure supporting a horizontal-axis marine current turbine.
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Three circular anchors would be employed for this project, and they have the following
characteristics:
e two anchors tie down the two front platforms counteracting the big drag force
acting on the structure. For the geometry and the loading pattern of the problem,
they would withstand the same pulling force, so they would be identical; and,
- one anchor on the back ties down the third small floating platform avoiding it to
pop out of the water. The pullout force acting on the anchor is much smaller
compared to the other two, so the anchor is likely to have a smaller size and/or a
smaller embedment ratio H/D.
In particular, the reactions coming from the floating structure have been computed
through a structural analysis that takes into account the dead weight and buoyancy force,
the drag force of wind and marine current, and the impact of waves with their dynamic
spectrum. As a result, the magnitude of the reactions in terms of total dynamic load
transferred to the anchors is presented in Table 4.5.
Table 4.5: Structural reactions - total dynamic vertical pullout force for the anchors.
A perfect simulation of the prototype conditions assumes that all similarity requirements
between model and prototype are satisfied. As already discussed, this is very difficult, if
not impossible, to satisfy with any model test; however, centrifuge model tests provide a
much better similitude than conventional tests, and six dimensionless products (with the
exception of d50/H) are likely to be identical to the field conditions for a hypothetical
centrifuge model test that uses the coastal plain deposit as material.
For this reason, Eq. (4.14) is a strong candidate for the design of circular anchors for the
present case study.
Front platform Back platform
1,192 t 320 t
Reaction
11,688 kN 3,138 kN
Nevertheless, with reference to Clemence and Veesaert (1977), their theory provides an
additional tool to assess the uplift capacity of a circular anchor during dynamic loading.
This tool may be used to evaluate the anchor performance under seismic loading, yet
great attention should be devoted to the final result since it is a product of conventional
model tests. Eventually, Ovesen's (1981) theory could be extended to estimate also the
dynamic anchor capacity: first, a preliminary comparison between C&V's (1977) theory
and Ovesen's (1981) theory about the static anchor resistance should be run to appreciate
the gap between the two predictions; second, the evaluation of the anchor performance
under dynamic loading could follow from C&V's (1977) theory by correcting the output
with the error found in step 1.
However, an initial evaluation of the model tests run by C&V (1977) can be done on the
basis of the dimensionless products. Table 4.6 and Table 4.7 report respectively the
values of the fundamental parameters controlled during the tests and the corresponding
values for the prototype.
Table 4.6: Variables' values used for lab tests (Clemence and Veesaert, 1977).
Yt c= $ = Ko= Dr= Cu B = h/B
kN/m' kPa deg deg - % - cm -
17 0 39 0 0.5 96 1.39 5.67 3 to 7
17 0 39 0 0.5 96 1.39 12.7 1 to 3
Table 4.7: Variables' values for the prototype conditions, (Jamiolkowski and Lo Presti, 2003).
A brief discussion about the similitude of dimensionless products follows:
III =HID
15 =Ug/Hy




Hi : it is the anchor relative depth or embedment ratio. Since different embedment ratios
were explored during the tests and the real anchor will probably feature one of these
values, this dimensionless product might meet the similarity requirement and assume the
same value for the prototype conditions as for the tests. Moreover, given the relative
density of the material in situ, its composition, and its mechanical characteristics, it
appears more convenient to install the anchor at shallow depth (as during most of the
tests) from the mudline and eventually enlarge its diameter to obtain the required capacity
at low embedment ratio.
H2 : it is the soil void ratio. This dimensionless product certainly misrepresents the
prototype conditions because the two materials have a significant difference in terms of
relative density and composition. The soil employed for the lab tests is uniform sand
accurately layered in order to obtain a uniform distribution, whereas the material at the
site does not only contain sand, but also gravel and silt. In addition, its composition
allows for a non-uniform distribution in space, therefore, this dimensionless product will
not have the same value for conventional tests as for the prototype.
[13 : the friction angle of the material used for the tests falls within the range of the
measured values of the soil friction angle in situ; therefore, H3 satisfies the similitude
requirement. Indeed, although the prototype material has a different composition than the
material used during the conventional model tests, the friction angle is still equal.
Finally, 74 , H5 , [16 , T17 do not meet the similitude requirements for reasons already
mentioned.
4.4 Anchor Design
After the dimensional analysis and the brief overview on the prototype conditions, the
following section will apply the discussed theories with the purpose to obtain a design for
the foundations in question. As already mentioned, the first step to accomplish consists of
designing the anchors for the static loads. The basic loading condition is the so-called
"short-term quasi-static" load; it derives from the thrust generated by waves, wind, and
current on the floater in addition to the structural buoyancy, and it accounts for 50% to
90% of the total dynamic load as shown in Fig. 4.6.
Total dynamic
ane in mands
Figure 4.6: Difference between quasi-static load and total dynamic load, (Vryhof Anchors).
As for the quasi-static loading condition, to evaluate the required anchor ultimate holding
capacity (UHC), it is sufficient to multiply the quasi-static load by a proper factor of
safety (FS): API standard API-RP2SK suggests the value of FS to use for permanent and
temporary moorings both for intact and damaged conditions (see Tables 4.8 and 4.9
analogous to Tables 2.1 and 2.2), so we can assume to extend the validity of these FS to
our tension-leg anchor system.
Table 4.8: FS for permanent mooring,
(Vryhof Anchors).




Intact load condition 1.8 1,5
Damaged condition 1.2 1.0
Intact load condition 1.0 0.8
Damaged condition Not required Not required
Considering the extent of the quasi-static load is 90% of the total dynamic load, the
magnitude of the reactions to take into account for the present analysis is reported in
Table 4.10. Moreover, given the anchor system working as a permanent installation, and
the corresponding FS=1.8 for intact load condition, the required UHC for the anchors
employed to tie down the front and back platforms are presented in the following Table
4.11.
Table 4.10: Structural reactions - quasi-static vertical pullout force for the anchors.
Front platform Back platform
1,073 t 288 t
Reaction







Table 4.11: Required static ultimate holding capacity (UHC) for the anchors.
Once the UHC has been calculated, C&V's (1977) theory and Ovesen's (1981) theory
can be used to evaluate the dimensions of those circular anchors to be installed to sustain
such vertical uplift loads. First, two assumptions must be made about the relative depth
H/B and the soil coefficient of uniformity C,: as previously described, C&V (1977) and
Ovesen (1981) performed conventional tests within a limited range of H/B and C, values.
In particular, C&V (1977) ran tests with H/B from 1 to 7 and Cu=1.39, while Ovesen's
(1981) tests had H/B always lower than 3.5 and Cu=1.67. To adequately take advantage
of these past results, we assume to design the anchor for an embedment ratio H/B=3,
which implies the failure mechanism to be well known and developed up to the surface,
and for Cu=1.67 because it is sufficiently close to both the Cu of sand used in the
conventional model tests and the lowest Cu value of the prototype granular soil; therefore,
a higher Cu in situ can only result in better anchor performance.
As already explained in this thesis (in the previous and present chapters), according to
C&V's (1977) and Ovesen's (1981) theories, the equations to use for the design of
circular anchors under static loading are respectively:
Q, = yyV, + yK tan(#) cos2(:)ff[ 2 + H3tan(q52) (3.1)
3/2
p =1 + (4.32- tan #-1.5 8)I-- (4.14)yH Be)
Searching for the anchor dimensions that satisfy the UHC requirements, one obtains the
results presented in the following Tables 4.12, 4.13, and 4.14:
Front platform Back platform
Required 1,931 t 518 t
Ultimate Uplift
Resistance 18,934 kN 5,084 kN
Table 4.12: Anchor diameter (B) according to C&V's (1977) and Ovesen's (1981) theories for static
loading.
Front platform Front platform Back platform Back platform
C&V (1977) Ovesen (1981) C&V (1977) Ovesen (1981)
B (m) 3.705 3.712 2.390 2.395
B (ft) 12.16 12.18 7.84 7.86
Table 4.13: Anchor fluke area (A) according to C&V's (1977) and Ovesen's (1981) theories for static
loading.
Front platform Front platform Back platform Back platform
C&V (1977) Ovesen (1981) C&V (1977) Ovesen (1981)
A (m) 10.78 10.82 4.487 4.505
A (ft2) 116.04 116.50 48.30 48.49
Table 4.14: Anchor fluke embedment depth (H) according to C&V's (1977) and Ovesen's (1981) theories
for static loading.
Front platform Front platform Back platform Back platform
C&V(1977) Ovesen(1981) C&V(1977) Ovesen(1981)
H (m) 11.11 11.14 7.17 7.18
H (ft) 36.47 36.54 23.53 23.57
From the illustrated results, one can appreciate how C&V's (1977) theory, based on
conventional model tests, slightly overestimates the anchor capacity, In fact, for the same
UHC this theory leads to smaller anchors than those expected to be installed using
Ovesen's (1981) theory: specifically, the anchor fluke area estimated by Ovesen (1981) is
0.4% larger than that computed by C&V (1977), whereas the anchor fluke diameter is
0.2% larger. In other words, for a certain anchor fluke diameter C&V (1977)
overestimates the anchor uplift capacity by 0.59% with respect to Ovesen's (1981)
theory. As a consequence, Ovesen (198 1)'s results are accepted as somewhat more
reliable and more conservative, therefore, these dimensions represent the first output of
the present analysis.
Based on this difference between the two approaches, one can try to predict the dynamic
holding capacity of the circular anchors. Even though, C&V (1977) are the only ones
who suggested a formula to evaluate this resistance, the comparison with Ovesen's
(1981) theory allows one to make a rough estimate of the dynamic capacity from a
centrifugal model test perspective. Indeed, knowing the final anchor dimensions and the
0.59% difference for the static holding capacity, one can calculate the dynamic uplift
resistance through the following C&V's (1977) Eq. (3.2) and then correct it by the same
percentage.
Q, = y,V,+ yK tan(p) cos2(0 H 2 + D, + Vy a (3.2)2 H 3
Specifically, the values of Df and a must be defined:
- in the second term, Df accounts for the increase in shear force along the failure
surface due to dynamic loading. According to what Casagrande and Shannon
(1948) and Seed and Lundgren (1954) observed in sand, this increase ranges from
10% to 20%, therefore, an average value of 1.15 is assumed for Df ;
e in the third term, which accounts for the soil mass inertial force, a represents the
acceleration of the anchor in units of g (acceleration of gravity). Considering that
the anchor follows the ground motion, a can be assumed equal to 0.36g from what
the horizontal peak ground acceleration map of southern Italy shows in Fig. 2.8.
As expected and shown in Table 4.15, the dynamic capacity of circular anchors is higher
than the static one. It has been calculated by using formula (3.2), and correcting the
output with the difference previously found (0.59%) from the comparison between
C&V's (1977) and Ovesen's (1981) theory about the static UHC.
Table 4.15: Anchor dynamic UHC according to C&V's (1977) theory with a correction of 0.59%.
In addition, according to the same API standard API-RP2SK, the ultimate holding
capacity of anchors for dynamic loading is determined by accounting for a lower FS. As
Table 4.8 suggests, FS equals 1.5 for the total dynamic load and for an anchor operating
as a permanent installation and in intact conditions. Consequently, the anchor dynamic
UHC reported in Table 4.15 must be at least equal or superior to the holding capacity
requirements presented in Table 4.16: these latter values result from multiplying the
reactions reported in Table 4.5 by the new FS=1.5. Tables 4.15 and 4.16 illustrate that
this requirement is satisfied for both the back and the front anchors.
Table 4.16: Anchor total dynamic UHC requirements for FS=1.5.
A step further is the comparison of the present solution with that initially adopted to
stabilize the floating structure. As Fig. 4.7 illustrates, the initial solution for anchoring the
floating structure consisted of two mooring drag embedment anchors connected to the
front platforms and one suction caisson connected to the back platform in tension-leg
fashion. The two drag anchors counteract the large drag force acting on the structure by
tying down the two front platforms with catenary mooring systems departing from each
platform. Each drag anchor weighs 9.5 metric tons, and, when tensioned to the maximum
design load, it responds by dragging for about 12.6 m and penetrating for 3.2 m below the
Front platform Back platform
C&V (1977) C&V (1977)
corrected corrected
Qd (t) 1,973.17 545.10
Qd (kN) 19,350.86 5,345.83
Front platform Back platform
Qd (t) 1,787.63 480.00
Qd (kN) 17,531.24 4,707.36
mudline (see Fig. 4.8). The suction anchor on the back will tie down the third smaller
platform in tension-leg fashion avoiding it to pop out of the water, so its holding capacity
will be exploited in the pure vertical direction; with reference to Fig. 4.9 this suction
anchor has a 12 m diameter (D) and a 5.5 m length (L), with a wall 35 mm thick (t1) and
a top lid 50 mm thick (t2).
2=80 M
Figure 4.7: Three-platform floating structure bearing a horizontal-axis turbine.








D = 12 m
Figure 4.9: Geometry of a suction anchor, (Bakker et al., 2006).
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Table 4.17 presents the comparison between the new and the old anchor designs. In
particular, it compares the volume (V) and the weight (W) of anchors assuming that:
- all anchors are made of steel (with unit weight y=77 kN/m 3) and the amount of steel
used is directly related to the anchor dimensions and shape, and
" the circular anchors in the new design have a plate thickness (t) equal to 3% of the
anchor diameter, as Fig. 4.10 illustrates.
to.03-B
B
Figure 4.10: Geometry of a new circular anchor.
Table 4.17: Anchors volume and weight for the two discussed solutions.
NEW DESIGN OLD DESIGN
In conclusion, this new solution with circular anchors is expected to have the advantages
of reducing the overall dimensions of the anchors, reducing the material necessary for
their manufacture, and minimizing the duration and cost of installation.
Front platform Back platform
circular anchors
t (cm) 11.14 7.18
t (in) 4.38 2.83
V (m3) 1.205 0.324
V (ft) 42.57 11.43
W (kN) 92.81 24.92
W (T) 10.43 2.80
Front platform Back platform






This chapter addresses the problem of installing the circular anchors in the real context of
the Messina Strait. The analyses conducted in the previous chapter led to a first version of
the new anchor design, which considered the soil in dry conditions. Now, additional
aspects are taken into consideration because the offshore reality certainly involves both
soil and water. Therefore, we propose a second version of the new anchor design. It
accounts for the effect of water on the soil unit weight and, subsequently, on the anchor
uplift resistance. We compare the two versions for highlighting the changes and we verify
the efficiency of the new designed anchors for the real prototype requirements.
Secondly, given the high seismicity of the area, a sensitivity analysis allows one to
understand what can be the dynamic soil response and how it would impact the soil-
anchor interaction. An experimental study by Elgamal et al. (2005) is the principal means
of this analysis. Finally, a solution is proposed for minimizing either the potential
liquefaction or the scour phenomenon in the area of influence of the anchors, and two
options for the anchor installation are suggested.
5.1 New Anchor Design for Saturated Material
In contrast to the dry material used in either conventional or centrifugal tests, the
discussed circular anchors have to be installed in the seabed of the Messina Strait. This
scenario is different and the presence of pore pressure causes the effective stresses to be
lower. Assuming from the tests that the distribution of pore pressure is hydrostatic, the
vertical effective stress acting on a generic soil element is determined by the buoyant unit
weight of soil times the embedment depth from the mudline. Having lower effective
stresses than the dry case results in lower shear strength of the granular soil and, also, in
lower weight of the soil plug that, when mobilized by the shearing failure of the soil mass
above the anchor, prevent the anchor to be pulled out.
In order to account for the decrease of the effective stress, the new anchor design should
be revised. In fact, the size of the anchors should be defined to withstand the static and
total ultimate pullout forces in the actual scenario of lower soil strength and lower soil
unit weight. Specifically, these circumstances will lead towards a second version of the
new anchor design with bigger anchors and/or larger embedment depth.
The procedure consists in applying again the theories by Clemence and Veesaert (1977)
and Ovesen (1981). We take into account the buoyant unit weight of soil while keeping
unchanged the soil friction angle since it was determined through the empirical
correlation in Eq. (2.1) after field tests and we assume a drained soil response. As a first
analysis, we examine the static loading conditions and we compare the results with the
design version obtained in dry soil in the previous chapter 4. Since we are dealing with
salt water, its average unit weight in the Mediterranean Sea is 10.1 kN/m 3 for a buoyant
unit weight of CPD equal to 12.9 kN/m 3 assuming that the saturated unit weight of soil
averages 23 kN/m3 .
Applying the equations (3.1) and (4.14) discussed earlier in chapters 3 and 4, and
searching for the anchor dimensions that satisfy the UHC requirements in Table 5.1
(corresponding to Table 4.11), one obtains the results presented in the following Tables
5.2, 5.3, and 5.4:
Q2(0) BH 2  H3 tan(#/2)1Q,=yV,+yKotan(#)cos2 [ 2-+ 3'(3.1)
23
p H
-1+ (4.32- tan#0 -1.5 8) (4.14)
yH B)2
Table 5.1: Required static ultimate holding capacity (UHC) for the anchors.
Front platform Back platform
Required 1,931 t 518 t
Ultimate Uplift
Resistance 18,934 kN 5,084 kN
Table 5.2: Anchor diameter (B) according to C&V's (1977) and Ovesen's (1981) theories for static
loading, saturated conditions.
Front platform Front platform Back platform Back platform
C&V(1977) Ovesen(1981) C&V (1977) Ovesen(1981)
B (m) 4.215 4.224 2.719 2.725
B (ft) 13.83 13.86 8.92 8.94
Table 5.3: Anchor fluke area (A) according to C&V's (1977) and Ovesen's (1981) theories for static
loading, saturated conditions.
Front platform Front platform Back platform Back platform
C&V (1977) Ovesen (1981) C&V (1977) Ovesen (1981)
A (m2 ) 13.96 14.01 5.81 5.83
A (ft2) 150.21 150.81 62.52 62.77
Table 5.4: Anchor fluke embedment depth (H) according to C&V's (1977) and Ovesen's (1981) theories,
saturated conditions.
Front platform Front platform Back platform Back platform
C&V(1977) Ovesen(1981) C&V(1977) Ovesen(1981)
H (m) 12.65 12.67 8.16 8.17
H (ft) 41.49 41.57 26.77 26.82
As already observed in chapter 4, C&V (1977) slightly overestimates the anchor
resistance by 0.59% yielding smaller anchor dimensions; therefore, Ovesen's (1981)
results are accepted as somewhat more reliable and more conservative.
In comparison to what obtained for the anchor design in dry soil, the new anchors have a
larger diameter and heavier weight to properly withstand the same pullout force in
saturated granular soil. In particular, their diameter (B), fluke area (A), and embedment
depth (H) have increased as shown in Table 5.5. Moreover, Fig. 5.1 and Fig. 5.2 illustrate
the anchors' dimensions as for the first (in dry soil) and the second (in saturated soil)
versions of the new design for both the front and the back platforms.
Table 5.5: Comparison between the dimensions of the circular anchors designed for dry soil and those
designed for saturated soil according to Ovesen's (1981) theory.
Front platform Front platform Back platform Back platform Percentage
Dry soil Saturated soil Dry soil Saturated soil increase
B (m) 3.712 4.224 2.395 2.725 13.78%
A (M2) 10.82 14.01 4.50 5.83 29.45%
H (m) 11.14 12.67 7.18 8.17 13.78%
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Figure 5.1: Dimensions of the circular anchors for the front platform resulting from the first version (in dry
soil) and second version (in saturated soil) of the new design.
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Figure 5.2: Dimensions of the circular anchors for the back platform resulting from the first version (in dry
soil) and second version (in saturated soil) of the new design.
A step further is to predict the dynamic holding capacity of the new designed circular
anchors with the same approach used in chapter 4. It consists of calculating the dynamic
uplift resistance through equation (3.2) by C&V (1977) based on the new anchor
dimensions and, then, correcting it by the difference between C&V's (1977) and
Ovesen's (1981) theory for the static holding capacity. This computation yields the
results presented in the following Tables 5.6 and 5.7.
= yt (±)7r BH2 H3tan(Op/2)Q, = y,,+ yKo tan(O p~o2 x +_ ID, + Vy~a (3.2)
Table 5.6: Anchor dynamic UHC according to C&V's (1977) theory with a correction of 0.59%.
C&V (1977) corrected
Front platform Back platform
Saturated soil Saturated soil
Qd (t) 1,960.61 539.88
Qd (kN) 19,227.66 5,294.58
Table 5.7: Comparison between the dynamic UHCs of the circular anchors designed for dry soil and those
of the circular anchors designed for saturated soil according to C&V's (1977) theory with a correction of
0.59%.
C&V (1977) corrected
Front platform Back platform
Dry soil Saturated soil Dry soil Saturated soil
Qd (t) 1,973.17 1,960.61 545.10 539.88
Qd (kN) 19,350.86 19,227.66 5,345.83 5,294.58
Therefore, another important finding is that, although the anchor size is increased, the
dynamic capacity of the circular anchors is slightly lower than that calculated for the first
version (dry soil) of the new anchor design. This occurs because the unit weight of the
soil has a great impact on the dynamic resistance of the anchors according to Eq. (3.2);
particularly, the buoyant unit weight of the soil leads to a much lower weight and inertial
force of the soil plug that mobilizes within the rupture surface and tends to inhibit the
pullout of the anchor. Nevertheless, the anchors' capacity is still sufficient to withstand
the ultimate total dynamic pullout force presented in Table 5.8 (analogous to Table 4.16).
Table 5.8: Anchor total dynamic UHC requirements for FS=1.5.
Front platform Back platform
Qd (t) 1,787.63 480.00
Qd (kN) 17,531.24 4,707.36
5.2 Soil Dynamic Response
As discussed in the second chapter, the Messina Strait is the most seismic area of the
Italian peninsula. To complete a satisfactory project, we must consider the effect that the
ground motion has on the stiffness and strength of the saturated material. This is
necessary in order to evaluate if the foundation system has been efficiently and safely
designed, or, due to potential decrease in capacity caused by an eventual seismic event, if
it would be better to consider an additional factor of safety in the anchor design.
Given the nature of the material in the uppermost geological layer, it is interesting to look
at how saturated dense sand behaves when it is subjected to an earthquake-shaking event.
In particular, Elgamal et al. (2005) investigated the dynamic response of this material by
performing some centrifugal tests. They considered saturated dense sand with the
characteristics reported in the following Table 5.9:
Table 5.9: Characteristics of the saturated sand employed by Elgamal et al. (2005).
Yt = soil total unit weight 20.3 kN/m 3
Dr = soil relative density 100 %
Yfluid fluid unit weight 9.8 kN/m 3
They simulated the propagation of vertical shear waves by exciting the material along the
longitudinal direction and they replicated 27 shaking events for which the centrifugal
acceleration ranged from 9.2g to 37.3g and the peak acceleration at the surface of the
sand mass ranged from 0.03g to 1.7g. The soil volume within the container measured
1651 x 787 x 553 mm. By varying the applied centrifugal acceleration, the same soil
volume reproduced a prototype thickness between 5.1 m and 20.6 m. As Fig. 5.3 shows,
even though the soil reacts to shaking with an undrained response, Elgamal et al. (2005)
observed that at the peaks in acceleration correspond decreases in pore pressure. Lambe
and Whitman (1969) already had pointed out that this phenomenon is caused by the
dilative tendency of the soil at large shear strains (y). Vucetic (1986) and Matasovic and
Vucetic (1993) demonstrated that this dilation leads to increase in confinement or to










Figure 5.3: Acceleration and pore pressure time history for one shaking event at 1.4 m from the surface in
prototype scale, (Elgamal et al., 2005).
In contrast to the observed undrained response, a drained one would not affect the
confinement to the same extent and the shear modulus would always decrease with shear
strain.
Focusing on three shaking events, representative of different earthquake magnitudes
(weak, moderate, strong), Elgamal et al. (2005) noticed how the dynamic response of the
material changes. In particular, it is interesting to identify what is the maximum shear
strain and the relation that defines the shear stress-strain response, the shear stiffness, and
the degree of damping. The following Table 5.10 lists these four factors and how they
change for each of the events represented in Fig. 5.4.
Table 5.10: Soil response to three different shaking events, adapted from (Elgamal et al., 2005).
Weak event Moderate event Strong event
Maximum shear strain (Ymax) 0.01% 0.20% 0.50%
Shear stress-strain response linear non-linear non-linear
initial decrease with y, for
y>0. 3 % regain in stiffness
Shear stiffness constant decrease with y due to soil dilation as
already proven by
(Ishihara, 1985)
Damping minimal significant significant
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Figure 5.4: Shear stress-shear strain histories for three shaking events, (Elgamal et al., 2005).
Fig. 5.4 shows that the shear stress-strain response of soil changes according to both the
magnitude of the shaking event and the degree of confinement due to depth. For the weak
event, the soil has always a linear response meaning that the shearing stiffness does not
change and the damping ratio, represented by the area within the loops, is negligible. As
the soil response at very low shear strain does not have visible loops, the soil responds
with its highest shear modulus Go (low strain shear modulus), which increases with
confinement as the steeper slope of the response indicates, and with a damping that
slightly develops at great depth. In contrast, for the moderate and the strong shaking
events, the shear stress-strain response is visibly non-linear. In both events, the soil
response indicates the tendency of the soil stiffness to decrease with shear strain, but the
initial shear stiffness is also higher as the depth increases. In addition, during a strong
shaking event, the soil response describes S-shaped loops: the shear stiffness decreases
with shear strain, but when y>0. 3% the soil dilation leads to a regain in stiffness. The
dynamic soil response is characterized by loops whose area gets larger as the
confinement increases; however, at large shear strains the S-shape of the loops becomes
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more noticeable as the confinement increases and the area within them no longer
increases resulting in a limit for the damping ratio.
Elgamal et al. (2005) concluded that the earthquake shaking causes the relative density to
further increase with subsequent slight increases of Go. In addition, Go increases with
depth or confinement and the damping ratio also starts increasing with depth, but, then, it
reaches an upper limit.
With regard to the Messina Strait, Fig. 5.5 (corresponding to Fig. 2.3) illustrates how the
shear modulus G decreases up to a minimum value of 20% of its initial value Go,
according to Ismes (1985); from what is learnt by Elgamal et al. 's (2005) experience, the
reason why G does not decrease further may be the undrained soil response, which causes
the confinement stress to increase preventing the shear modulus to reach lower values.
0.6 
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Figure 5.5: Shear modulus decay vs. shear strain of CPD from laboratory tests,
(Jamiolkowski and Lo Presti, 2003).
Similarly, as shown in Fig. 5.6 (analogous to Fig. 2.4), the change of damping ratio is
such that it reaches the highest value at about 7% according to Ferrante (1968). This low
value of damping at large shear strain may be due to soil dilation and to the non-linear
soil response; in fact, for strong shaking events the shear stress-strain response displays
S-shaped loops which, together with the soil undrained response, produce an upper limit
of the damping ratio.
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Figure 5.6: Damping ratio vs. shear strain of CPD from laboratory tests,
(Jamiolkowski and Lo Presti, 2003).
In conclusion, the earthquake-induced large shear strains in a dense saturated granular
soil lead to an increase in confinement and shear strength. Nevertheless, as explained in
the previous paragraph, the dynamic capacity of the circular anchors is lower, but still
sufficient, than that calculated for the first version (in dry soil) of our new design. As a
result, the procedure adopted to obtain the design for circular anchors in saturated
granular soil does not need to include an extra factor of safety. The dynamic holding
capacity of the anchors will not be subjected to any decrease during earthquake shaking
events and, therefore, the design is likely to be effective.
5.3 Countermeasures against Liquefaction and Scour
As observed by Jamiolkowski and Lo Presti (2003) and reported in the second chapter of
this thesis, the Coastal Plain Deposit (CPD) may incur liquefaction. For the particular
case study, soil liquefaction may be caused by the rocking of the floating structure that,
subjected to the action of waves, transfers significant dynamic loading to the embedded
anchors. In this condition, it may eventually be advisable to further help the soil to
dissipate the induced pore pressure; one solution to achieve this is to place an apron of
graded rock around the anchor location in order to have the water flowing radially away
without contributing to the pore pressure buildup, (Gerwick, 1999).
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Given the shape and way-of-work of the anchors, they should not be subjected to any
scour effect. Nevertheless, the Messina Strait has a steady current velocity that averages
2.5 m/s and, therefore, it may remove the most superficial granular material on the
seabed; moreover, the presence of the steel cables, which connect the anchors to the
floating platforms in pairs, may cause scour to be locally stronger, so that part of the
material overlying each anchor may be permanently removed. This scenario would result
in a lower embedment depth for each anchor and, therefore, it would expose each anchor
to the risk of being more easily pulled out of the ground under the static and dynamic
actions transferred by the steel cables. Consequently, it may be advisable to place rock
blocks of proper size or mat segments (see Fig. 5.7) in the area of influence of each
anchor, so they would not only prevent the scour phenomenon, but also act as an extra
load to increase the anchor holding capacity, (Gerwick, 1999).
Figure 5.7: Series of mat segments to employ offshore for scour prevention, (Flexmat Gravity Anchor).
5.4 Installation Method
The designed circular anchors could be installed following the procedure illustrated in
Fig. 2.24 for the jetting-in driven anchors. A pile follower would be driven with the
anchor connected sideways to it, so that when the proper depth is reached the anchor is
released, the pile is retrieved, and then the anchor is keyed by chain/cable tensioning to
adjust it to the correct position. In addition, a second easier option may be practically
viable: given the size and the weight, each anchor might penetrate into the seabed under
its own weight provided that the penetration occurs with the anchor orientated such that
its side faces down (see Fig. 5.8).
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Figure 5.8: Anchor self-weight penetration and subsequent keying, adapted from
(Safaqah and Gerin, 2004): left - the anchor sinks and reaches the seabed; middle - the anchor penetrates
into the seabed under his own self-weight; right - the anchor is keyed by applying tension to the
chain/cable that connects it to the floater.
However, given the nature of the soil in situ, it might be necessary to install the anchor
using a pile follower in order to have proof that the prescribed depth is reached. In this
case, the installation is more likely to occur with a submergible pile hammer pounding on
the pile follower at depth close to 80 m rather than using a dry hammer pounding on a
pile more than 80 m long.
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6 Summary and Conclusions
This section presents summary and conclusions about the design of the circular anchors
discussed in the previous chapters. In addition, some comments and recommendations are
made with regard to the real employment of such anchors in the Messina Strait.
6.1 Circular Anchors Design
The project study consists of a three-platform floating structure carrying a horizontal-axis
turbine by use of a tripod structure. To keep the floating structure in place, the initial
design consisted of two mooring anchors connected to the front floating platforms by a
catenary system and one suction caisson connected at the back platform in a tension-leg
fashion. Examining past theories and tests, and using a specific dimensional analysis, we
determined that circular plate anchors subjected to a vertical uplift load in a tension-leg
fashion represent a good alternative (see Fig. 6.1).
NEW DESIGN OLD DESIGN
Figure 6.1: New and Old design for the anchor system that keeps the floating structure stationary.
Conventional and centrifugal model tests show that a few soil and anchor parameters
affect the soil-anchor response during both static and dynamic loading. The static uplift
capacity of circular anchors is a function of the diameter and embedment depth of the
anchor as well as the unit weight, the friction angle, and the state of stress of the soil.
This relationship has been observed by Clemence and Veesaert (1977) through numerous
conventional model tests. In particular, the diameter governs the anchor capacity because
it directly affects the size and weight of the soil plug within the failure surface, and it
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influences the friction that develops along the same failure surface. In comparison to the
static resistance, the dynamic capacity is higher. This occurs because under dynamic
conditions the soil mass within the failure surface develops an inertial force and the
shearing resistance along the failure surface increases due to the higher strain rate.
However, conventional model tests cannot enable one to reproduce the stress-strain soil
behavior of the prototype. In contrast, the modelling-of-models approach solves this
problem by taking advantage of the centrifuge and reproducing at a small scale the same
stress state and distribution acting on the prototype. This approach was adopted by
Ovesen (1981) who performed several centrifugal tests and succeeded in determining a
more accurate equation for the vertical uplift capacity of circular anchors in sand.
The design of the circular anchors for the floating structure of the project case study has
considered both theories, Clemence's and Veesaert's (1977) based on conventional tests
and Ovesen's (1981) based on centrifugal tests. As expected, the theory by Clemence and
Veesaert (1977) slightly overestimates the anchor capacity. In fact, this theory leads to
smaller anchors than those obtained using Ovesen's (1981); therefore, the design
obtained through the application of this second theory is believed to be more reliable and
conservative. To meet the capacity requirements for static load (listed in Table 6.1)
imposed by the structural reactions coming from the floating structure and the factor of
safety suggested by API standard API-RP2SK, the first version (Version 1) of our new
design led to the following anchor dimensions and embedment depth in dry soil: the
circular anchors have a diameter of 3.71 m and 2.40 m for a depth of 11.14 m and 7.18 m
from the mudline for the front and the back platform respectively.
Table 6.1: Required static ultimate holding capacity (UHC) for the anchors.
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Static UHC requirements
Front platform Back platform
Qd (t) 1,931 518
Qd (kN) 18,934 5,084
To reproduce the real scenario of the Messina Strait, the anchor design has been refined
to account for the presence of water, which has a significant effect on the soil unit weight
(Version 2). In comparison to what was obtained for the anchor design in dry material,
the new anchors have larger diameter and deeper embedment to properly withstand the
same pullout force in saturated granular soil. In particular, according to this second
version of our new anchor design, the circular anchors have a diameter of 4.22 m and
2.72 m for a depth of 12.67 m and 8.17 m from the mudline, respectively, for the front
and the back platform.
With regard to the anchor dynamic uplift capacity, one can calculate the dynamic uplift
resistance as proposed by Clemence and Veesaert (1977) and, then, correct it with the
difference obtained from a comparison between Clemence's and Veesaert's (1977) theory
and Ovesen's (1981) theory about the static anchor resistance. Although the anchor size
increases considering the presence of water, the dynamic capacity of the circular anchors
is lower than that calculated for the design version in dry soil. This occurs because the
unit weight of the soil has a great impact on the dynamic resistance of the anchors: in
fact, it directly influences the inertial force of the soil mass within the failure surface and
the increase of the shearing resistance along the same surface due to the enhanced strain
rate.
Furthermore, the effect of the ground motion on the stiffness and strength of the saturated
material influences the anchor design in a positive way. The earthquake shaking causes
the relative density to further increase with subsequent slight increase of Go (low strain
shear modulus), which also increases with depth or confinement. The dilative tendency
that the soil experiences at large shear strains (y) leads to an increase in confinement or to
a decrease in pore pressure with a subsequent increase in shearing resistance; however,
this effect is counterbalanced by the soil buoyant unit weight that has a greater influence
on the whole soil-anchor system leading to a lower capacity in dynamic conditions than
under static loading.
In conclusion, Tables 6.2 and 6.3 summarize the main characteristics of the circular
anchors designed according to Version 2. In addition, Table 6.2 provides a comparison
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between the dimensions of these new anchors and those of the anchors belonging to the
initial design.
Table 6.2:: Comparison between the volume and weight of the anchors for new design (Version 2) and the
initial old design.
Table 6.3: Dynamic Ultimate Holding Capacity (UHC) and corresponding requirements for the circular
anchors of the new design in Version 2.
Therefore, this new solution with circular anchors
soil) is satisfactory for the following reasons:
(as designed in Version 2 for saturated
e all three anchors meet the ultimate holding capacity requirements both for the static
and dynamic conditions;
e the overall dimensions of the anchors are smaller than those of the drag and suction
anchors developed in the initial (old) design;
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NEW DESIGN
Front platform Back platform
circular anchors
t (cm) 12.67 8.17
t (in) 4.99 3.22
V (m3) 1.775 0.477
V (ft) 62.69 16.83
W (kN) 136.70 36.70
W (T) 15.36 4.13
OLD DESIGN
Front platform Back platform





Dynamic UHC Dynamic UHC requirements
Front platform Back platform Front platform Back platform
Qd (t) 1,960.61 539.88 1,787.63 480.00
Qd (kN) 19,227.66 5,294.58 17,531.24 4,707.36
e the volume of material used for producing all three anchors is much less than the
volume used for the anchors provided by the initial (old) solution. The circular
anchors for the front platforms are heavier than the previously assumed drag
anchors, but there is an enormous saving of material for the anchor that ties the
back platform;
- the transportation and installation of the anchors should be easier and faster. Their
shape should allow one to transport them as a stack taking up a minimum space for
several anchors, and all three anchors can be installed with the same procedure;
e the cost of purchase and installation for production on a large scale is much lower
with these anchors than with the previous ones given the savings in material,
transportation, and installation; and,
- the anchor system allows the floating structure to be kept in place independently of
the current direction. The old solution with drag anchors relied on the most
frequent current direction with possible failure of the system if the current changes
direction; in fact, the drag anchors work successfully only if pulled horizontally and
if the anchor fluke defines the failure wedge in the pulling direction (see Fig. 6.2).
Pulling
fluke /
Figure 6.2: Drag anchor resistant mechanisms, (Vryhof Anchors)
6.2 Recommendations
The aim of this study has been to find, and evaluate, an alternative to the foundations
employed for the floating structure located in the Messina Strait that carries a horizontal-
axis marine current turbine. We predicted the vertical uplift capacity of circular anchors
for this specific application through a multistep procedure. However, to prove the design
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reliability, it is recommended to perform some tests and analyses before employing the
designed anchor system at the real scale. Specifically:
- some centrifugal tests should be run to simulate the actual prototype conditions.
These tests should consider the same non-uniform material as the material in-situ
or, if run with uniform sand, the soil coefficient of uniformity should be changed
from test to test to cover the range of values it can have in the field. Moreover, tests
should be run using equipment to monitor the soil stresses and pore pressures
during load application for both static and dynamic loading;
- few field tests should be performed accounting for the size and depth of the anchors
as defined by the design. This would allow one to prove that the installation
procedure works, and, then, monitor the anchor behavior in the real environment.
The tests ought to apply the load both statically and dynamically stressing few
anchors up to failure and few anchors up to the working load in order to verify their
compliance with the safety factors used in the design requirements; and,
e additional centrifugal tests could be performed to test only the soil or the whole
soil-anchor system by subjecting it to shaking events of different magnitudes. In
particular, the model should be excited by the earthquake time history that is likely
to hit the Messina Strait. This would allow one to confirm the anticipated dynamic
soil response and eventually prove the soundness of the anchor design as a whole.
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8.1 Geological Cross-Section of the Messina Strait
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Figure 8.1: Seismic-stratigraphic cross-section and identification of faults of the Messina Strait.
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8.2 Spreadsheets supporting the Conventional Modelling
S.P. Clemence & C.J. Veesaert
"Pullout Resistance of Circular Anchors in Dry Sand under Static and Cyclic Loading"
Hypotheses:
- container was 24"(61cm) x 24"(61cm) x 27"(68.5cm).
- tests were performed with half circular anchors 3"(5.67cm) and 5"(12.7cm) in diameter
- soil has a Mohr-Coulomb failure criterion
Soil Properties
Y soil total unit weight
c = soil cohesion
$= soil friction angle
V = soil dilatancy
K0 = coefficient of earth pressure at rest
Dr = soil relative density
C. = coefficient of uniformity
Anchor Properties
B = fluke diameter
R = fluke radius = B/2
A = fluke projected area for pullout = *B2/4
H/B = relative depth
H = embedment depth at the fluke = H/B*B
Starting values
17.0 kN/m3 108.2 pcf















Dm= diameter of the major base of the truncated cone = B+2H*tan($/2)
Rm = radius of the major base of the truncated cone = Dm/2
V.= volume of sand in truncated cone = (T*H/3)*(R 2+Rm2 +R*Rm)
Q,= ultimate anchor static capacity + (see formula below)
2(o), BH2 H'tan(p/2)
Q,= y,V, +yKO tan(Opicos2 - r + -~.~i~0V, 2/ 2 3 j
Anchor dynamic capacity
Df = dynamic strain rate factor
a = accelaration of anchor in unit of g
Qd = ultimate anchor dynamic capacity = (see formula below)
fl~v~v~an~dcosI
4 | BH 2  H tan(p/2,IDQds = y,V, + yKO tan(O cos2 )r + 3 D, +VKy,a
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Changing B and H/B
Soil Properties Anchor Properties Anchor embedment depth
1 c= < = = Ko= B= R= A= H/B= H=















































































































































































































































































Changing B and H/B
Anchor static capacity Anchor dynamic capacity
Dm Rm= V= Q, Q, Df a= Qd= Qd=
(M) (M) (m3) (kN) (t) - (g) (kN) (t)












































































































































































































































Changing KO and H/B

































































































































































































































































































Changing KO and H/B




































































































































































































































































Changing $ and H/B
Soil Properties Anchor Properties Anchor embedment depth
yt= C= < Ko= B= R= A= H/B= H=
































































































































































































































































Changing $ and H/B





































































































































































































































































Changing y and H/B
Soil Properties Anchor Properties Anchor embedment depth
y= c $== Ko= B= R= H/B= H=
(kN/m3) (kPa) (0) (0) - (M) (M) (M 2 ) - (M)
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 1.000 0.057
17.1 0.000 39.000 0.000 0.500 0.057 0.028 0.003 2.000 0.113
17.2 1.000 39.000 0.000 0.500 0.057 0.028 0.003 3.000 0.170
17.3 2.000 39.000 0.000 0.500 0.057 0.028 0.003 4.000 0.227
17.4 3.000 39.000 0.000 0.500 0.057 0.028 0.003 5.000 0.284
17.5 4.000 39.000 0.000 0.500 0.057 0.028 0.003 6.000 0.340
17.6 5.000 39.000 0.000 0.500 0.057 0.028 0.003 7.000 0.397
17.7 6.000 39.000 0.000 0.500 0.057 0.028 0.003 8.000 0.454
17.8 7.000 39.000 0.000 0.500 0.057 0.028 0.003 9.000 0.510
17.9 8.000 39.000 0.000 0.500 0.057 0.028 0.003 10.000 0.567
18 9.000 39.000 0.000 0.500 0.057 0.028 0.003 11.000 0.624
18.1 10.000 39.000 0.000 0.500 0.057 0.028 0.003 12.000 0.680
18.2 11.000 39.000 0.000 0.500 0.057 0.028 0.003 13.000 0.737
18.3 12.000 39.000 0.000 0.500 0.057 0.028 0.003 14.000 0.794
18.4 13.000 39.000 0.000 0.500 0.057 0.028 0.003 15.000 0.851
18.5 14.000 39.000 0.000 0.500 0.057 0.028 0.003 16.000 0.907
18.6 15.000 39.000 0.000 0.500 0.057 0.028 0.003 17.000 0.964
18.7 16.000 39.000 0.000 0.500 0.057 0.028 0.003 18.000 1.021
18.8 17.000 39.000 0.000 0.500 0.057 0.028 0.003 19.000 1.077
18.9 18.000 39.000 0.000 0.500 0.057 0.028 0.003 20.000 1.134
19 19.000 39.000 0.000 0.500 0.057 0.028 0.003 21.000 1.191
19.1 20.000 39.000 0.000 0.500 0.057 0.028 0.003 22.000 1.247
19.2 21.000 39.000 0.000 0.500 0.057 0.028 0.003 23.000 1.304
19.3 22.000 39.000 0.000 0.500 0.057 0.028 0.003 24.000 1.361
19.4 23.000 39.000 0.000 0.500 0.057 0.028 0.003 25.000 1.418
19.5 24.000 39.000 0.000 0.500 0.057 0.028 0.003 26.000 1.474
19.6 25.000 39.000 0.000 0.500 0.057 0.028 0.003 27.000 1.531
Changing y and H/B
Anchor static capacity Anchor dynamic capacity
Dm Rm= V= Q,= Q,= D a= Qd= Qd=
(M) (M) (m) (kN) (t) - (g) (kN) (t)











































































































































































































































Changing Df and H/B
Soil Properties Anchor Properties Anchor embedment depth
yt c= Ko= B= R= A= H/B= H=
(kN/m') (kPa) (0) (0) - (M) (M) (m 2 ) - (M)
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 1.000 0.057
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 2.000 0.113
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 3.000 0.170
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 4.000 0.227
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 5.000 0.284
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 6.000 0.340
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 7.000 0.397
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 8.000 0.454
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 9.000 0.510
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 10.000 0.567
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 11.000 0.624
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 12.000 0.680
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 13.000 0.737
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 14.000 0.794
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 15.000 0.851
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 16.000 0.907
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 17.000 0.964
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 18.000 1.021
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 19.000 1.077
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 20.000 1.134
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 21.000 1.191
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 22.000 1.247
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 23.000 1.304
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 24.000 1.361
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 25.000 1.418
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 26.000 1.474
17 0.000 39.000 0.000 0.500 0.057 0.028 0.003 27.000 1.531
Changing Df and H/B
Anchor static capacity Anchor dynamic capacity
Dm Rm= V,= Q,= Q,= Df a= Qd= Qd=
(M) (M) (m) (kN) (t) - (g) (kN) (t)
0.097 0.048 0.000 0.007 0.001 1.100 0.200 0.074 0.008
0.137 0.069 0.001 0.025 0.003 1.200 0.200 0.170 0.017
0.177 0.089 0.002 0.061 0.006 1.300 0.200 0.296 0.030
0.217 0.109 0.004 0.118 0.012 1.400 0.200 0.459 0.047
0.257 0.129 0.006 0.202 0.021 1.500 0.200 0.668 0.068
0.298 0.149 0.010 0.317 0.032 1.600 0.200 0.933 0.095
0.338 0.169 0.014 0.469 0.048 1.700 0.200 1.265 0.129
0.378 0.189 0.020 0.662 0.067 1.800 0.200 1.676 0.171
0.418 0.209 0.027 0.901 0.092 1.900 0.200 2.179 0.222
0.458 0.229 0.036 1.192 0.122 2.000 0.200 2.787 0.284
0.498 0.249 0.046 1.539 0.157 2.100 0.200 3.515 0.358
0.539 0.269 0.058 1.947 0.198 2.200 0.200 4.379 0.446
0.579 0.289 0.072 2.421 0.247 2.300 0.200 5.397 0.550
0.619 0.309 0.088 2.966 0.302 2.400 0.200 6.585 0.671
0.659 0.330 0.106 3.587 0.366 2.500 0.200 7.962 0.812
0.699 0.350 0.126 4.289 0.437 2.600 0.200 9.549 0.973
0.739 0.370 0.149 5.076 0.517 2.700 0.200 11.366 1.159
0.780 0.390 0.175 5.954 0.607 2.800 0.200 13.435 1.370
0.820 0.410 0.204 6.928 0.706 2.900 0.200 15.779 1.608
0.860 0.430 0.235 8.002 0.816 3.000 0.200 18.421 1.878
0.900 0.450 0.269 9.181 0.936 3.100 0.200 21.387 2.180
0.940 0.470 0.307 10.471 1.067 3.200 0.200 24.701 2.518
0.980 0.490 0.348 11.876 1.211 3.300 0.200 28.391 2.894
1.020 0.510 0.393 13.401 1.366 3.400 0.200 32.485 3.311
1.061 0.530 0.441 15.051 1.534 3.500 0.200 37.011 3.773
1.101 0.550 0.493 16.831 1.716 3.600 0.200 41.998 4.281
1.141 0.570 0.549 18.746 1.911 3.700 0.200 47.479 4.840
Soil Properties
Changing a and H/B
































































































































































































































































































Changing a and H/B
chor static capacity Anchor dynamic capacity
Vf= Q, Q= D= a= Qd= Qd=




























































































































































































































BASIC CASE B1=5.67 cm











































































































































































































































































BASIC CASE B1=5.67 cm
Anchor static capacity Anchor dynamic capacity
















































































































































































































































BASIC CASE B2=12.7 cm

































































































































































































































































































BASIC CASE B2=12.7 cm
Anchor static capacity Anchor dynamic capacity
Dm Rm V= Q= Q= D a Qd= Qd=
(M) (M) (mi) (kN) (t) - (g) (kN) (t)
0.217 0.108 0.003 0.076 0.01 1.100 0.200 0.408 0.04
0.307 0.153 0.010 0.285 0.03 1.100 0.200 0.925 0.09
0.397 0.198 0.022 0.682 0.07 1.100 0.200 1.617 0.16
0.487 0.243 0.042 1.324 0.13 1.100 0.200 2.545 0.26
0.577 0.288 0.070 2.265 0.23 1.100 0.200 3.774 0.38
0.667 0.333 0.109 3.561 0.36 1.100 0.200 5.368 0.55
0.757 0.378 0.159 5.267 0.54 1.100 0.200 7.390 0.75
0.847 0.423 0.224 7.438 0.76 1.100 0.200 9.904 1.01
0.937 0.468 0.303 10.130 1.03 1.100 0.200 12.972 1.32
1.026 0.513 0.399 13.397 1.37 1.100 0.200 16.660 1.70
1.116 0.558 0.514 17.296 1.76 1.100 0.200 21.029 2.14
1.206 0.603 0.648 21.881 2.23 1.100 0.200 26.145 2.67
1.296 0.648 0.804 27.208 2.77 1.100 0.200 32.070 3.27
1.386 0.693 0.984 33.333 3.40 1.100 0.200 38.869 3.96
1.476 0.738 1.188 40.310 4.11 1.100 0.200 46.604 4.75
1.566 0.783 1.419 48.194 4.91 1.100 0.200 55.339 5.64
1.656 0.828 1.678 57.042 5.81 1.100 0.200 65.138 6.64
1.746 0.873 1.967 66.908 6.82 1.100 0.200 76.065 7.75
1.836 0.918 2.287 77.848 7.94 1.100 0.200 88.183 8.99
1.926 0.963 2.640 89.917 9.17 1.100 0.200 101.555 10.35
2.016 1.008 3.027 103.170 10.52 1.100 0.200 116.246 11.85
2.106 1.053 3.451 117.663 11.99 1.100 0.200 132.318 13.49
2.196 1.098 3.913 133.451 13.60 1.100 0.200 149.836 15.27
2.286 1.143 4.413 150.589 15.35 1.100 0.200 168.863 17.21
2.376 1.188 4.955 169.132 17.24 1.100 0.200 189.463 19.31
2.466 1.233 5.540 189.137 19.28 1.100 0.200 211.698 21.58
2.556 1.278 6.169 210.658 21.47 1.100 0.200 235.634 24.02
8.3 Spreadsheets supporting the Modelling-of-Models and Final Design
PRELIMINARY PROTOTYPE ANCHOR DESIGN in DRY SOIL - Back Platform
Q = required anchor total dynamic capacity = 320.0 t 3138.2 kN
Q= required anchor static capacity = 90%*Q 288.0 t 2824.4 kN
FS, = factor of safety recommended by API RP2SK for quasi-static load = 1.8
Qs = required ultimate anchor static capacity = Q'*FS, 518.4 t 5083.9 kN
FSd = factor of safety recommended by API RP2SKfor total dynamic load = 1.5
Qr = required ultimate anchor static capacity = Q*FSd 480.0 t 4707.4 kN
Soil Properties
y,= soil total unit weight 19.0 kN/m3 120.9 pcf
c = soil cohesion 0.0 kPa 0.0 psi
* = soil friction angle 39.0 0 0.7 rad
V = soil dilatancy 0.00 0.0 rad
Ko = coefficient of earth pressure at rest 0.5
D, = soil relative density 55%
Cu= coefficient of uniformity 1.67
$e = estimated friction angle through triaxial tests for Ovesen (1981)= (see formula below) 34.6 0 0.6 rad
S= 30- -3 + 14- 4D
ANCHOR STATIC CAPACITY
Clemence S.P. & Veesaert C.J. (1977)
Anchor Properties
A = fluke projected area for pullout = (result of "goal seek" operation) 4.487 m2 48.30 ft2
B = fluke diameter = (4A/n) 2.39 m 7.84 ft
R = fluke radius = B/2 1.20 m 3.92 ft
H/B = relative depth = (input) 3.0
H = embedment depth at the fluke = H/B*B 7.17 m 23.53 ft
Anchor static capacity
Dm = diameter of the major base of the truncated cone = B+2H*tan($/2) 7.47 m 24.50 ft
Rm = radius of the major base of the truncated cone = Dm/2 3.73 m 12.25 ft
V,= volume of sand in truncated cone = (n*H/3)*(R2+Rm2+R*Rm) 148.94 m3 5259.87 ft3
Q= ultimate anchor static capacity + (see formula below) = Q.W 518.4 t
Q, = y,V, + yKo tan(p)cos2( x) [BH + H3 tan(o /2)
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Ovesen N. Kribs (1981)
Anchor Properties
A = fluke projected area for pullout = (result of "goal seek" operation)
Be = equivalent fluke diameter for Ovesen (1981)= 4A
B = fluke diameter for C&V (1977), fluke width for Ovesen (1981) (4A/X)
H/B = relative depth = (input)
H = embedment depth at the fluke = H/B*B
Anchor static capacity
p = specific ultimate anchor static capacity = (see formula below)
Q,= ultimate anchor static capacity + p*A = Q,
- =1+(4.32- tan# -1.58) -
yH )3/
Comparison between the two theories
AA = difference in the fluke area calculated by C&V (1977) and by Ovesen (1981)










1128.6 kPa 163.7 psi
5084.0 kN 518.4 t
0.40%
0.20%
What would be the anchor static capacity calculated through C&V's (1977) theory with the anchor dimensions obatained from
the application of Ovesen's (1981) theory?
Clemence S.P. & Veesaert C.J. (1977)
Anchor Properties
A = fluke projected area for pullout = A (as calculated by Ovesen (1981)) 4.505 m2 48.49 ft2
B = fluke diameter = (4A/x) 2.39 m 7.86 ft
R = fluke radius = B/2 1.20 m 3.93 ft
H/B = relative depth = (input) 3.0
H = embedment depth at the fluke = H/B*B 7.18 m 23.57 ft
Anchor static capacity
Dm = diameter of the major base of the truncated cone = B+2H*tan(4/2) 7.48 m 24.55 ft
Rm = radius of the major base of the truncated cone = Dm/2 3.74 m 12.28 ft
V,= volume of sand in truncated cone = (n*H/3)*(R 2+Rm2+R*Rm) 149.83 m3 5291.35 f13
Q,= ultimate anchor static capacity by C&V (1977) with A predicted by Ovesen (1981) 5114.4 kN 521.5 t
difference between C&V's (1977) and Ovesen's (1981) theories abou the prediction
AQ, = 0.59%
of the ancohr static capacity
4 Ovesen's (1981) results are accepted as somewhat more reliable and more conservative
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ANCHOR DYNAMIC CAPACITY
Based on this difference between the two approaches, one can predict the dynamic holding capacity of the circular anchors. Even
though, C&V (1977) are the only ones who suggested a formula to evaluate this resistance, the comparison with Ovesen's (1981)
theory allows one to make a rough estimate of the dynamic capacity from a centrifugal model test perspective. Indeed, knowing
the final anchor dimensions and the 0.59% difference for the static holding capacity, one can calculate the dynamic uplift
resistance through the following C&V's (1977) equation and, then, correct it by the same percentage.
Clemence S.P. & Veesaert C.J. (1977)
Anchor dynamic capacity
Df = dynamic strain rate factor 1.15
a = accelaration of anchor in unit of g 0.36
Qd = ultimate anchor dynamic capacity = (see formula below) 5377.8 kN 548.4 t
O)OS BH2 H 3tan(pl/2) Df+V,
Qd = y,V, +yKotan($acos2( [ + 3  +
Projection: Anchor dynamic capacity
ultimate anchor dynamic capacity according to C&V's (1977) theory with a correction
d of 0.59% = Qd-(Qd*0.59%), and verify that this Qd Q 5345.8kN 545.1 t
Thickness, Volume, and Weight of Final Anchor
According to the anchor dimensions determind through Ovesen's (1981) theory, thickness, volume, and weight of the anchor can
be obtained as follows:
y,= steel unit weight
t = anchor thickness = estimated as 3% of B
V = anchor volume = A*t
W = anchor weight = V*y,
77.0 kN/m3 490.1 pcf
0.07 m 0.24 ft
0.32 m3 11.43 ft3
24.92 kN 2.80 T
Legend
data to input
cell box to change during "goal seek" operation
cell box to "goal seek" for
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PRELIMINARY PROTOTYPE ANCHOR DESIGN in DRY SOIL - Front Platform
required anchor total dynamic capacity =
required anchor static capacity = 90%*Q
factor of safety recommended by API RP2SK for quasi-static load =
required ultimate anchor static capacity = Q'*FS,
factor of safety recommended by API RP2SKfor total dynamic load =
required ultimate anchor static capacity = Q*FSd
1191.8 t 11687.5 kN







4 repeat the same procedure as shown for the Back Platform.
PROTOTYPE ANCHOR DESIGN in SATURATED SOIL - Back Platform
required anchor total dynamic capacity =
required anchor static capacity = 90%*Q
factor of safety recommended by API RP2SK for quasi-static load =
required ultimate anchor static capacity = Q'*FS,
factor of safety recommended by API RP2SKfor total dynamic load =











4 replace the soil total unit weight with the soil buoyant unit weight y'=1 2 .9 kN/m3
4 repeat the same procedure
PROTOTYPE ANCHOR DESIGN in SATURATED SOIL - Front Platform
required anchor total dynamic capacity -
required anchor static capacity = 90%*Q
factor of safety recommended by API RP2SK for quasi-static load =
required ultimate anchor static capacity = Q'*FS,
factor of safety recommended by API RP2SKfor total dynamic load =
required ultimate anchor static capacity = Q*FSd
1191.8 t 11687.5 kN







4 replace the soil total unit weight with the soil buoyant unit weight y'=12.9 kN/m3
4 repeat the same procedure
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Q =
Q'=
FS,=
FSd
Qrd
Q =
Q'=
FS,=
FSd =
Qd =
Q =
Q'=
FS,=
Qrs =-
FSd
Qrd =
